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Abstract

Typically, the wagons of a freight train do not have an electric train
supply (ETS), which is in contrast to passenger coaches, where such

a supply is used for coach lighting and heating. An emerging application,
which, however, requires an electric power supply, is condition monitoring
of freight wagons, e.g. an anti-lock braking system, or of the transported
goods. It has the potential of saving costs and giving additional benefit
to the freight wagon’s operator. Therefore, systems suitable for providing
auxiliary electric power in the watt-range on a freight wagon are analyzed
in this thesis.

State-of-the-art auxiliary energy generation systems as, e.g., axle gener-
ators on freight wagons lack the possibility of a cost-effective retrofit.
Therefore, energy harvesting (EH), which can, according to the literature,
generate power from temperature gradients, radiation, mass flow, and
vibration is analyzed further as it is expected to be a more acceptable
approach. However, power ratings of such systems typically range from
a few microwatts to milliwatts. In order to increase the power supply
capability, providing auxiliary power on a freight wagon with EH from
kinetic energy is pursued further.

Harvesting electric energy from the kinetic energy of a moving conductive
surface (MCS) is analyzed as a high power delivering capability of such
system is expected. Specifications for the system can be summarized
as follows: MCS of steel, similar in composition to a typical freight
wagon’s wheel, wheel speed of v2 = 80 km/h, harvesting contactless
over an air gap of 10 mm, and finally providing an electrical output
power of P > 5 W. As no severe modifications (as e.g. mounting
permanent magnets) on the MCS are allowed, the only feasible option is
to extract power electrodynamically. Hence, an EH system is building up
a magnetic field, which excites eddy currents in the MCS. Similar to the
operation of an induction machine, eddy currents and the magnetic field
build up Lorentz forces, which establish an electromechanical energy
conversion/transfer.

Initially, a single-sided linear induction machine (SLIM) in generator
operation mode is considered for this task. An output power scaling
law is derived and a prototype test setup is built. The power scaling
law, together with an experimental verification shows that EH/energy
generation with a stator of reasonable size (covering 47 cm2 of MCS
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Abstract

surface) is only possible for low air gap widths (< 1.5 mm).

Consequently, a different approach is followed and EH arrangements,
utilizing permanent magnets (PMs), are developed and analyzed. An EH
arrangement with a PM wheel, comprising radially magnetized PMs, is
analyzed for this task. Henceforth, it is denoted as radial kinetic energy
harvester (radial KEH). One could imagine the geometrical arrangement
similar to a spur gearing, where the PM wheel is a pinion and coupled
to the larger MCS. Obviously, unlike to a spur gearing, an air gap
between PM wheel and MCS is present and a slip occurs in operation.
A simulation methodology, called the semi-analytical method (SAM),
suitable for conducting electromagnetic 3-D simulations of said system
in a computationally highly efficient way is developed and verified with
measurements.

The harvested mechanical energy/power must be converted into electrical
power with a generator and an active rectifier. An EH prototype with
radially magnetized PMs and expected to fulfill the size limitations
imposed by the target application (together with a generator and an
active rectifier) can only harvest a mechanical power of P = 6 W over
an air gap of g = 3 mm with a C45E steel MCS. As a limiting factor for
the harvesting capability of such a system, the small interaction area
between PM wheel and MCS, can be identified. Hence, an improved
KEH for a large air gap width is developed in a next step. It comprises
axially magnetized PMs and a disc-shaped PM wheel/rotor. It leads to
an increased interaction area between harvester and MCS and therefore,
to a better magnetic coupling. With a prototype of suitable size (PM
disk radius 38.5 mm and PM height 9 mm), a mechanical power of
14 W is extracted from a C45E steel MCS over an air gap of 10 mm.
A cogging torque (CT) appears as the PMs of the KEH rotate to a
position minimizing the magnetic energy in the air gap between KEH
and MCS. Unfortunately, this increases the startup speed of the system
to values, which can be impractical for the given application.

As described above, a permanent magnet synchronous machine (PMSM)
utilized as a generator, which converts the mechanically harvested power
into electric power, has to be employed with the KEH. It can be shown
that optimizing the shape of the stator can lead to an electric machine
with an arbitrary CT profile. The underlying idea is to impose a counter
CT with an optimized generator, which compensates the CT of the
KEH. Therefore, a stator-geometry optimization algorithm is developed.
An optimized generator, which is integrated with the KEH in a compact
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arrangement, is built, and measurements show that the startup speed
(surface speed of the MCS) is reduced from 20 m/s to 5 m/s.

Furthermore, the interaction of the KEH with the surrounding in the
target application is studied. The effect of iron dust, which could
potentially accumulate in front of the KEH due to the attractive force
of the PMs, is analyzed. Based on the findings of a developed model,
and verified in the experiment, it can be concluded that its effect on the
harvesting is insignificant as dust is released when the MCS speeds up.
Moreover, the additional tractive effort and the KEH energy costs for
a freight train are analyzed, when a KEH is in operation. In a typical
scenario, the additional energy costs per year for installing a KEH on a
freight wagon are approximately e 15 and hence, small compared to
the added benefit of an auxiliary power supply.

A compact active rectifier prototype, which provides a stabilized DC
output voltage, and which is attached to the generator, is designed and
built. Special care of utilizing low power consumption components is
taken and in the measurements, the rectifier shows an efficiency of 96%
at 10 W output power. Finally, a compact EH system, comprising a
KEH, an optimized generator, and an active rectifier is formed. It has a
volume of 0.37 dm3 (23 in3) and provides an electric DC output power
of 7.8 W (with above-specified parameters) at a wheel-to-DC-output
efficiency of 12%.

Since estimating the speed of a freight wagon’s wheel is of inherent
interest for the proposed application of the EH system with an anti-
lock braking system, a contactless eddy-current-based speed sensor is
analyzed. The sensor comprises an injection coil, which induces eddy
currents in the MCS and a set of pickup coils. The experiment shows
that a trapezoidal speed profile of an aluminum MCS with accelera-
tion/deceleration ramps of 5 m/s2, from standstill to 40 km/h top speed,
can be measured over an air gap of g = 8 mm with ±3 km/h accuracy.

In summary, novel concepts for harvesting kinetic energy are analyzed
and a near-series prototype for providing auxiliary power on a freight
wagon is designed, optimized, built, and tested. Further contributions
as a derived scaling law for the generator operation of a SLIM with a
coated, but solid secondary, a novel CT shaping method of a PMSM, a
magnetostatic model for iron dust, and the analysis of a contactless eddy-
current-based speed sensor, broaden the applicability of the findings
made in this thesis.





Kurzfassung

Im Gegensatz zu Reisezügen, in denen eine Zugsammelschiene für
Energieversorgung von z.B. Beleuchtung und Wagenheizung zur

Verfügung steht, ist auf Güterzügen und respektive auf Güterwägen
typischerweise keine Hilfsenergieversorgung installiert. Allerdings setzen
neue Anwendungsfelder, wie die Zustandsüberwachung der Güterwägen,
z.B. in Form eines Antiblockiersystems oder eines Monitoringsystems
der Ladung, eine elektrische Energieversorgung voraus. Im laufenden Be-
trieb können damit Kosten gesenkt und potentiell andere Zusatznutzen
generiert werden. Deshalb werden Hilfsenergieversorgungssysteme, die
elektrische Energie in der Grössenordnung von einigen Watt auf einem
Güterwagen bereitstellen können, im Rahmen dieser Arbeit analysiert.

Da etablierte Hilfsenergieversorgungssysteme wie z.B. Achsgeneratoren
aufgrund ihrer Baugrösse und Einbaulage kaum kostengünstig nachge-
rüstet werden können, werden Energy Harvesting (EH) Systeme, die
Temperaturgradienten, Strahlung, Durchfluss von Flüssigkeiten oder
Gasen oder kinetische Energie zur Erzeugung von elektrischer Leistung
nutzen, für den genannten Zweck untersucht. Typische Leistungswerte
solcher Systeme, die in der Literatur beschrieben sind, liegen jedoch nur
bei einigen Mikrowatt bis Milliwatt. Um das Leistungsvermögen des
EH Systems zu erhöhen, werden daher nachfolgend Hilfsenergieversor-
gungssysteme, welche mit EH kinetischer Energie elektrische Leistung
zur Verfügung stellen und auf Güterwägen Einsatz finden können, näher
betrachtet.

Systemtopologien, welche berührungslos aus der Linearbewegung einer
bewegten leitfähigen Fläche/eines bewegten leitfähigen Körpers (MCS)
Energie erzeugen, werden im Speziellen modelliert und experimentell
getestet. Die Systemspezifikationen können wie folgt zusammengefasst
werden: Elektrische Ausgangsleistung P > 5 W, Stahlrad als MCS
mit Materialparametern ähnlich jenem eines Güterwagenrades, Rad-
oberflächengeschwindigkeit von v2 = 80 km/h, kontaktlose Energieex-
traktion und damit Einhalten eines Luftspaltes zwischen Harvester und
Rad (MCS) von 10 mm.

Da grobe Veränderungen des Stahlrades (wie beispielsweise das Anbrin-
gen von Permanentmagneten) nicht erlaubt sind, verbleibt letztlich nur
eine Energieextraktion auf elektrodynamischem Wege. Das EH System
erzeugt ein magnetisches Feld, welches im Stahlrad (MCS) Wirbel-
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ströme induziert und ähnlich zum Funktionsprinzip einer Asynchron-
maschine ergibt sich ein Energieaustausch/eine Energieumwandlung
durch Lorentzkräfte. Diese werden von den Wirbelströmen und dem
Magnetfeld gebildet.

Da eine Linearasynchronmaschine (SLIM) im Generatorbetrieb grund-
sätzlich dazu geeignet ist kinetische Energie kontaktlos mit Hilfe von
Lorentzkräften in elektrische Energie umzuwandeln, wird deren Eignung
für obige Anwendung zuerst untersucht. Ein Skalierungsgesetz für die
Ausgangsleistung wird hergeleitet und ein Prototypensystem aufgebaut.
Das Skalierungsgesetz und dessen experimentelle Verifikation zeigen,
dass EH/Energieerzeugung mit einem Stator von zweckmässiger Grösse
(47 cm2 MCS-Oberfläche) nur bei kleinem Luftspalt (< 1.5 mm) möglich
ist.

Folglich wird ein anderer Ansatz weiterverfolgt und EH mit Anordnun-
gen, welche Permanentmagnete (PM) verwenden, untersucht. Diese
Systeme werden als KEH (engl. Kinetic Energy Harvester) bezeichnet.
Dabei wird zuerst eine KEH-Topologie mit einem radial magnetisierten
PM-Rad analysiert. Diese Anordnung weist konstruktive Ähnlichkeit
mit einem Stirnradgetriebe auf, wobei das PM-Rad als Ritzel mit dem
Stahlrad (MCS) grösseren Durchmessers gekoppelt ist. Im Gegensatz
zu einem Stirnradgetriebe ist ein Luftspalt zwischen PM-Rad und MCS
vorhanden und systembedingt tritt im Betrieb ein Schlupf auf. Eine
semianalytische Simulationsmethode (SAM), die es erlaubt die elektro-
magnetischen 3-D Simulationen des Systems wesentlich weniger rechen-
intensiv als mit üblichen FEM-Simulationsprogrammen bei gleicher
Simulationsqualität durchzuführen, wird eingeführt und mit Messungen
verifiziert.

Die übertragene mechanische Energie/Leistung wird mit einem Genera-
tor und einem aktiven Gleichrichter in elektrische Leistung umgewandelt,
welche ebenfalls im zur Verfügung stehenden Bauvolumen unterzubringen
sind. Ein KEH-Prototyp mit radial magnetisierten PM, der zusammen
mit dem Generator und dem aktiven Gleichrichter für den beschränkten
Bauraum der Zielanwendung geeignet ist, kann mechanische Leistung
von nur P = 6 W bei einem Luftspalt von g = 3 mm von einem C45E-
Stahlrad extrahieren. Als begrenzender Faktor für die Leistungsfähigkeit
des Systems wird der kleine Interaktionsbereich zwischen PM-Rad und
MCS identifiziert. Daher wird ein verbesserter KEH für grosse Luftspalte
entwickelt. Die Anordnung umfasst axial magnetisierte PM und ein
scheibenförmiges PM-Rad (Rotor). Dies führt zu einer verbesserten
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Interaktion zwischen KEH und MCS; und damit zu einer besseren
magnetischen Kopplung.

Messungen zeigen, dass ein Prototyp geeigneter Grösse (Magnetscheiben-
radius 38.5 mm und Magnethöhe 9 mm) eine mechanische Leistung von
14 W bereitstellen kann, wobei ein C45E-Stahlrad, welches mit einer
Oberflächengeschwindigkeit von 80 km/h rotiert und mit einem Luftspalt
von 10 mm positioniert ist, als kinetische Energiequelle dient. Es zeigt
sich, dass der KEH bei Stillstand in eine magnetisch bzw. energetisch
günstige Position rotiert, was in einem Rastmoment des Systems resul-
tiert. Folglich, erhöht sich die Startgeschwindigkeit des Systems auf,
für die vorliegende Anwendung, unzulässig hohe Werte. Wie obenste-
hend erwähnt, ist allerdings ohnehin ein Generator, der die mechanisch
extrahierte Energie in elektrische Energie umwandelt, notwendig und
es bietet sich an eine permanenterregte Synchronmaschine (PMSM)
als Generator einzusetzen und diese so zu optimieren, dass der Gen-
erator ein Rastmoment aufweist, welches das Rastmoment des KEHs
weitgehend kompensiert. Dazu wird ein Algorithmus entwickelt, der
die Statorkontur einer PMSM dahingehend optimiert, dass sich ein
definiertes Rastmomentprofil ergibt.

Messungen zeigen, dass der optimierte Generator, welcher zusammen
mit dem KEH integriert ist, die Startgeschwindigkeit (Oberflächenge-
schwindigkeit des Stahlrades) von 20 m/s auf 5 m/s reduziert.

Als nächster Aspekt wird das Zusammenwirken des KEHs und des
Gesamtsystems in der Zielanwendung untersucht. Dabei wird zuerst
die mögliche negative Wirkung von Eisenstaub, der sich auf dem KEH
ansammeln könnte analysiert. Basierend auf einer Modellbildung, und
wie im Experiment verifiziert, kann darauf geschlossen werden, dass der
Einfluss von Eisenstaub auf den KEH insignifikant ist, da kaum Staub im
Interaktionsfeld zwischen MCS und KEH verbleibt, sobald das Stahlrad
anläuft. Ausserdem werden die zusätzlich benötigte Zugkraft und die
Energiekosten zum Betrieb eines KEHs auf einem Güterzug berechnet.
Bei typischen Laufleistungen von Güterwägen von 100’000 km pro Jahr
betragen die zusätzlichen Energiekosten durch die Installation eines
KEHs auf einem Güterwagen ca. e 15 pro Jahr und sind damit im
Verhältnis zum Nutzen einer Hilfsstromversorgung klein.

Ein kompakter Prototyp des aktiven Gleichrichters, welcher am Aus-
gang eine stabilisierte Gleichspannung liefert und welcher direkt mit dem
Generator integriert ist, wird entwickelt und mit dem System in Betrieb
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genommen. Dabei wird besonderer Wert auf die Verwendung von Kom-
ponenten mit geringer Leistungsaufnahme gelegt und ein gemessener
Wirkungsgrad von 96 % bei 10 W Ausgangsleistung erzielt.

Abschliessende Messungen am kompakten EH System, mit einem Ge-
samtvolumen von 0.37 dm3 (23 in3), und bestehend aus KEH, opti-
miertem Generator und aktivem Gleichrichter, zeigen, dass eine elek-
trische Ausgangsleistung von 7.8 W (mit den oben spezifizierten Para-
metern) bei einem Gesamtwirkungsgrad von 12 % erzielt werden kann.

Da die Erfassung der Radgeschwindigkeit für die beschriebene Anwen-
dung mit einem Antiblockiersystem von inhärenter Bedeutung ist, wird
ein kontaktloses Geschwindigkeitsmesssystem analysiert, dessen Funk-
tionsprinzip, ähnlich zum KEH, auf induzierten Wirbelströmen beruht.
Das Sensorsystem besteht aus einer Injektionsspule, welche Wirbel-
ströme im Rad bewirkt und zwei, auf beiden Seiten der Injektionsspule
(in Drehrichtung) angeordneten, Aufnahmespulen. Mittels Signalverar-
beitungsverfahren kann damit aus der Differenz der Augangsspannun-
gen der Aufnahmespulen das trapezförmige Geschwindigkeitsprofil mit
Beschleuingungs-/ Verzögerungsrampen von 5 m/s2 eines Aluminium-
rades bei einem Luftspalt von g = 8 mm, einer Höchstgeschwindigkeit
von 40 km/h und einer Genauigkeit von ±3 km/h, gemessen werden.

Zusammenfassend werden in der Arbeit neuartige Konzepte für die
Erzeugung von Hilfsenergie durch EH von kinetischer Energie analysiert,
ein seriennahes Prototypensystem zur Bereitstellung von Hilfsenergie auf
einem Güterwagen konstruiert, optimiert, aufgebaut und experimentell
getestet. Als weitere Hauptergebnisse, welche die Anwendungsfelder
der Analysen und der entwickelten Modelle deutlich erweitern, können
die Herleitung eines Skalierungsgesetzes für den Generatorbetrieb einer
SLIM mit beschichtetem, solideisenem Rotor, eine neuartige Methode
zur Optimierung des Rastmoments einer PMSM auf einen beliebigen
Verlauf, ein magnetostatisches Modell von Eisenstaub und die Analyse
von wirbelstrombasierten Geschwindigkeitssensoren genannt werden.
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Abbreviations

AC Alternating Current
AWG American Wire Gauge
CT Cogging Torque
DC Direct Current
EH Energy Harvesting/Harvester
ETS Electric Train Supply
FEM Finite Element Method
IoT Internet of Things
KEH Kinetic Energy Harvester
MCS Moving Conductive Surface
MPP Maximum Power Point
OP Operating Point
PET Polyethylene Terephthalate
PM Permanent Magnet
PMMA Polymethylmethacrylate
SLIM Single-Sided Linear Induction Machine
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1
Introduction

Traditionally, the brakes on freight trains are, in principle, based
on Westinghouse’s railway air brake system, invented in the 19th

century [1–6]. An illustration of the general flow scheme of the automatic
pneumatic braking system as used in Switzerland is given in Fig. 1.1a.
Compressed air is supplied to each wagon via the brake pipe and the
auxiliary reservoirs are filled. A drop in pressure on the brake pipe,
typically induced by the driver’s actuation of the brake valve, makes
the compressed air flow from the auxiliary reservoir into the brake-
operating cylinders. Hence, the train brake actuates. Increasing the
pressure on the bake pipe again to the nominal value (e.g. 5 bar with the
UIC brake [7]) will release the compressed air from the brake-operating
cylinders and so the brake. The arrangement on a 2-axle freight wagon
is depicted schematically in Fig. 1.1b. The established air brake system
is fail-safe and purely pneumatic.

Advanced control schemes such as anti-lock braking are currently not
possible due to the lack of an electric train supply (ETS), which is in
contrast to passenger coaches, where such a supply is used for e.g. coach
lighting and heating [8]. Condition monitoring of freight wagons or of
the transported goods would be a second application. Both have the
potential of saving costs and giving additional benefit to the freight
wagon’s operator. Due to the lack of a reliable power supply, the
current market penetration of the described applications, which would
require electric power in the watt-range, is negligible. Therefore, systems
suitable for providing watt-range auxiliary electric power on a freight
wagon are analyzed in this thesis.
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16... Brake operating cylinder
22... Brake pipe
23... Brake pad

25... Auxiliary reservoir
27... Control valve
29... Switch valve

1... Compressor
2... Main air reservoir
3... Brake valve

4... Brake pipe
5... Switch valve
6... Control valve

7... Auxiliary reservoir
8... Brake operating cylinder

(a)

(b)

Figure 1.1: Illustration of the pneumatic braking system on a (freight)
train. (a) General air flow scheme of an automatic pneumatic braking
system on a train as used in Switzerland. (b) Illustration of brake
components on a 2-axle freight wagon. Images taken from [7]; labels
translated.

1.1 State of the Art

One approach to providing electric power would be utilizing a compressed-
air-to-electric-power generation system as described in [9] and depicted
in Fig. 1.2a. It could be supplied by the freight train’s brake pipe,
which delivers compressed air to the braking system. However, such
an auxiliary power generation system would then be connected to a

2
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(a) (b)

(c)

Axle

Belt Transmission

Generator

Figure 1.2: State-of-the-art auxiliary energy generation systems. (a)
Compressed-air-to-electric-power generation system of [9]. (b) Photo-
graph of an axle generator on a wagon type D2802 (image by Locorama,
Romanshorn, Switzerland [10]). (c) Axle generator system with a trans-
mission shaft shown in [11].

safety critical installation (i.e. main brake pipe). Hence, it could lead
to an extensive certification process and/or require a redesign of the
compressed air supply system. Furthermore, such system is obviously
not compatible with a vacuum brake.

Providing auxiliary power on a freight wagon could be built with well-
known generating systems as generator attached to the end of the
axle, a generator coupled to the rotating axle with a belt transmission
(cf. Fig. 1.2b), or a generator coupled with a transmission shaft (cf.
Fig. 1.2c) [11]. However, due to their nature, those systems are bulky
and difficult/expensive to install in a retrofitting process. Hence, an
alternative approach for energy generation, which does not need a
sophisticated mounting infrastructure, is required in the application
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scenario at hand.

Therefore, (contactless) energy harvesting (EH), which can, according to
the literature, generate power from temperature gradients [12], radiation
[13, 14], mass flow [15, 16] and kinetic energy [17], is analyzed further
as it is expected to be a more acceptable approach. Generally, EH
is the process of utilizing ambient energy sources for power supply
purposes [18], e.g. for locally supplying devices such as sensors and
actuators. EH systems can supply electric power, where no alternative
besides a battery system is possible. Power ratings of such systems
typically range from a few microwatts [19,20] to milliwatts [21,22]. A
mechanical resonant system, which extracts power from vibration, is
the most commonly proposed topology in case of kinetic-energy-based
generation [23] and also, the extracted power is typically in the micro
or milliwatt range [24].

Besides the introduced applications on a freight wagon, with the continu-
ously broadening application area of the Internet of Things (IoT), there
is a general need for local, robust, modular and low-cost power supplies
capable of powering remote systems comprising various sensors, signal
processors, wireless communication hardware, and actuators [16, 25].
The power demand of remote systems may well be in the range of several
watts. Therefore, shifting the extracted power levels from milliwatts to
watts opens up a fascinating new area of remote, self-powered systems,
not limited to their application on a freight train.

In a first step, a suitable energy source for EH under the given conditions
has to be identified. Kinetic energy in the form of vibration could be
considered as a power source as high amplitudes of ambient vibration are
present on a wagon. Typical power levels of vibration-based EH systems,
presented in the literature [20, 26] and in the commercial sector [27],
achieve only output power levels in the milliwatt range. An approximate
power density of 6 mW/dm3 . . . 1.3 W/dm3 (100µW/in3 . . . 21 mW/in3),
depending on the amplitude and frequency of the vibration was reported.
However, due to material cost and mounting constraints, a power density
of > 10 W/dm3 (> 160 mW/in3) is required for the desired application(s)
on a wagon. Furthermore, the aforementioned upper limit for power
density is for a high vibration acceleration (5g) and frequency (38 Hz),
which is already on the mechanical limit of the specific harvester [27].
Therefore, a different power generation system, which combines the
advantage of an axle generator (high power density) with the advantage
of established EH systems (ease of installing/to retrofit), is required and
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ABS

...

Pel

Pmech

Anti-Lock Brake Unit

Freight Wagon’s Wheel (MCS)

Energy Storage

Speed Sensor
Brake Valves

Block Brake

Energy Harvesting
System

Figure 1.3: Application of an EH system for a wagon of a commercial
freight train. Watt-range power is directly generated/harvested on-board
the wagon so that e.g. an anti-lock braking system can be supplied.

Table 1.1: EH system requirements.
Parameter Variable Value

Wheel/MCS speed v2 80 km/h
Air gap width g 10 mm
Output power PDC > 5 W

presented in this work.

1.2 Watt-Range Electrodynamic EH from
Moving Conductive Surfaces

In this thesis, new concepts with an output power in the watt-range are
proposed in order to fill the gap concerning power delivering capability
between traditional EH systems (milliwatt range) and axle generators
(kW range). The harvesting is performed electromechanically from a
surface of a wagon’s wheel, denoted as moving conductive surface (MCS)
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in the following. An application scenario of the proposed EH is depicted
in Fig. 1.3 and system requirements are stated in Table 1.1.

The nominal electric output power of the system is defined as > 5 W.
Although its design is not in the scope of this thesis, it should be
noted that employing an energy storage system with the EH system
would allow buffering the electric power in case of lower train speed or
high (pulsating) power demand from the actuator system. This allows
designing the EH for an average power demand of the supplied system
and accordingly smaller.

1.3 Outline of the Thesis

In an initial consideration, a single-sided linear induction machine (SLIM)
for electrodynamic EH from a MCS is analyzed in Ch. 2. After the
conclusions drawn from this first investigation, different types of EH
systems, utilizing permanent magnets and introduced as kinetic energy
harvesters (KEHs), are investigated in Ch. 3 and Ch. 4. The latter
chapter is on an improved KEH for a large air gap width. Ch. 5 is on the
development of a generator for the EH system and introduces a cogging
torque (CT) shape optimization of a permanent magnet synchronous
machine (PMSM), which is a necessary tool to improve the EH self-
startup capability. Furthermore, the impact of iron dust, which could be
accumulated by the KEH due to the rough operational environment is
analyzed with a simulation model and experimentally verified in Ch. 6.
Ch. 7 is on overall system considerations of the EH system. It introduces
an active rectifier, which forms together with the generator and the
KEH a compact EH unit. Moreover, economical aspects, i.e. the energy
costs of installing a KEH on a freight wagon are investigated. Finally,
Ch. 9 concludes this work.

During the work on this thesis, the topic of electrodynamic suspension
of high-speed vehicles gained interest in research as well as in the
commercial sector. As the fundamental electrodynamic effects are similar
to that investigated for EH, thoughts on that topic are summarized
in Appendix A. Moreover, scaling laws for the energy consumption of
such electrodynamic suspension systems are derived and verified with
simulations.
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1.4 Scientific Contributions

The main scientific contribution of this work is the theoretical and
experimental analysis of electrodynamic EH systems. Moreover, findings,
which were made alongside with this target are included in the list of
contributions given in the following:

• Theoretical and experimental analysis of a single-sided linear induc-
tion machine (SLIM) for watt-range EH from a moving conductive
surface (MCS) with a conductive coating. Scaling laws are de-
rived for the energy generation capability and the optimal coating
thickness.

• Introduction of a semi-analytical simulation method (SAM), which
allows simulating a KEH system with radially magnetized PMs
computationally very efficiently.

• Analysis, construction and test of a novel watt-range kinetic EH
system with axially magnetized permanent magnets, suitable for
harvesting energy over a large width air gap from an MCS. Analytic
characterization of the electrodynamic energy transfer and its
expected efficiency.

• A novel method for shaping the cogging torque of a permanent
magnet synchronous machine to any arbitrary shape and its ex-
perimental verification.

• Magnetic characterization of iron dust and its effects on the KEH.
A magnetic model and a model for the accumulation of magnetic
dust particles are derived and verified experimentally.

• Description of a prototype system for watt-range energy harvesting
on e.g. a freight wagon and experimental tests.

• Analysis of an eddy-current-based contactless speed sensing system
for MCSs.

1.5 List of Publications

Various parts of the research presented in this thesis have already been
published or will be published in international scientific journals and
conference proceedings, or have been protected by patent applications
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and/or patents. The publications and patents created as part of this
PhD thesis are listed below.

Journal Articles

• M. Flankl, A. Tüysüz and J. W. Kolar, “Cogging torque shape
optimization of an integrated generator for electromechanical en-
ergy harvesting,” IEEE Trans. Ind. Electron., vol. 64, no. 12, pp.
9806–9814, Dec. 2017.
DOI: 10.1109/TIE.2017.2733441

• M. Flankl, A. Tüysüz, L. de Oliveira Baumann and J. W. Kolar,
“Energy harvesting with single-sided linear induction machines fea-
turing secondary conductive coating,” IEEE Trans. Ind. Electron.,
vol. 66, no. 6, pp. 4880–4890, Apr. 2018.
DOI: 10.1109/TIE.2018.2821637

• M. Flankl, T. Wellerdieck, A. Tüysüz and J. W. Kolar, “Scaling
laws for electrodynamic suspension in high-speed transportation,”
IET Electric Pow. Appl., vol. 12, no. 3, pp. 357–364, Mar. 2018.
DOI: 10.1049/iet-epa.2017.0480

• M. Flankl, A. Tüysüz, C. Gong, T. Stolz and J. W. Kolar, “Anal-
ysis and modeling of eddy current couplings for auxiliary power
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• A. Tüysüz, M. Flankl J. W. Kolar and A. Mütze, “Eddy-current-
based contactless speed sensing of conductive surfaces,” in Proc.
IEEE Southern Power Electronics Conf. (SPEC), Auckland, New
Zealand, Dec. 2016.
DOI: 10.1109/SPEC.2016.7846171
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• M. Flankl, A. Tüysüz, J. W. Kolar, Y. Tsukada and K. Naka-
mura, “Speed detection apparatus”, Japanese Patent Application
JP2016239772, filed Dec. 9, 2016.
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2
EH with Single-Sided Linear

Induction Machines

ASingle-Sided Linear Induction Machine (SLIM) with a solid sec-
ondary/ MCS operating in generator mode is considered as EH

system, as it is expected (and verified later) that it can harvest electric
energy from the kinetic energy of a moving conductive surface/body
(MCS). Therefore, the EH performance of SLIMs is studied in this chap-
ter, using analytical models, which are derived with special attention
to the case where a conductive coating is applied on the MCS, i.e. a
simple and practical modification that is shown to increase the harvester
performance significantly. Measurements are given for three different
MCS materials and stator geometries. It is shown that 15 W of electrical
power can be harvested with 14 % efficiency over an air gap of 0.5 mm
from a copper-coated steel MCS with a surface speed of 29 m/s, covering
only 17 cm2 of surface area.

2.1 The Linear Induction Machine

Linear induction machines (LIMs) are commonly utilized in well-known
motor applications such as traction, in both, low-speed [28, 29] and
high-speed [30–33] ground transportation as well as for production
machines [34] and flywheel energy storages [35]. As LIMs omit the use of
PMs, they are well suited for harsh surroundings and high temperatures.
Another machine topology, which features these qualities, is the solid
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Figure 2.1: Illustration of a SLIM utilized for EH with a solid sec-
ondary/MCS and a conductive (copper) coating.

rotor machine, where a circumferential stator, practically identical to
that of a squirrel-cage rotating induction machine is combined with an
unlaminated rotor made of solid steel, which might or might not be slit
and/or coated with a sleeve of non-ferromagnetic material. Combining
the properties of LIMs and solid rotor machines results in the single-sided
linear induction machine (SLIM) with a solid rotor. This arrangement
may have several practical applications; for instance, the MCS could
be a body in motion with respect to the SLIM stator (in which case
the stator would have a linear shape, see Fig. 2.1), or a large-diameter
shaft/wheel, which is partially covered by the SLIM stator (in which
case the stator would be arc-shaped).

Motoring operation of SLIMs is fairly well covered in the literature
[29–33, 36]. When the same unit is used in generator mode, electric
energy can be extracted and an EH system can be formed. It shall
be assumed that the energy for the initial magnetization and hence
the startup is provided by an attached energy storage. Remanent
magnetization of the secondary could also be sufficient for the system’s
startup, but is not analyzed in detail in this work. As confirmed later,
coating the secondary/MCS with a thin conductive layer can improve
the performance in terms of harvested power and overall efficiency.
Therefore, models are derived for providing a scaling law for EH with a
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two-layered secondary/MCS. Moreover, selected measures to improve the
SLIM’s performance particularly in EH are addressed in the following.
An optimal winding scheme for the required, comparably small linear
stator is selected and reactive power compensation to reduce the SLIM’s
apparent power demand is analyzed and discussed with measurements.

An overview of the electrical modeling of a SLIM is given in Sec. 2.2
and a scaling law for the EH operation is derived in Sec. 2.3. Moreover,
Sec. 2.4 analyzes practical implications on the winding scheme, occurring
in the design phase of a SLIM for EH. In Sec. 2.5, FEM and measurement
results for EH are presented. In Sec. 2.6, a compact prototype of a
SLIM energy harvester is presented and possibilities for reactive power
compensation are investigated. Finally, Sec. 2.7 summarizes the results
on EH with SLIMs.

2.2 System Overview & Modeling

SLIMs and LIMs share the same working principle and main properties
as a rotating induction machine. By cutting open the rotor and stator of
a rotating induction machine, one can achieve a SLIM, where rotor and
stator are parallel to each other and separated by an air gap (see Fig. 2.1).
The stator is referred to as the primary as it is the source of excitation.
Its three-phase winding system (see Fig. 2.1) generates a time-varying
magnetic field, which is moving along the air gap. This is in analogy
to the rotation of the field in a rotating (e.g. squirrel-cage) induction
machine. The rotor (secondary/MCS) is moving with a surface speed
v2 (see Fig. 2.1). The SLIM topology analyzed for EH has a secondary,
which is made of solid (unlaminated) conductive material, e.g. steel.
The time-varying magnetic field created by the stator windings induces
eddy currents in the conductive secondary. Due to the interaction of
the eddy currents and the magnetic field, Lorentz forces enable the
electromechanical energy conversion. The EH is conducted with driving
the SLIM in generative operation mode. Hence, a stationary observer
would see the magnetic field in the air gap moving slower than the
surface speed v2 of the secondary.

Widely used, rotating squirrel-cage induction machines have a secondary
with copper or aluminum bars placed in slots of a rotor core made of
laminated iron. The conductive bars carry the induced currents and the
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Table 2.1: Material parameters.
Parameter Variable Value

S235 Permeability µS235 1100µ0

C45E Permeability µC45E 550µ0

S235 Conductivity κ2 5.67 MS/m
C45E Conductivity κ2 4.97 MS/m

laminated iron provides a path for the magnetic flux. On the other hand,
solid-secondary induction machines utilize a solid (i.e. unlaminated)
secondary (e.g. made of steel) to carry both the induced currents and the
magnetic flux. As shown in the literature [37], geometric modifications
such as a slit secondary improve the machine’s performance. However,
the idea described in this chapter is to harvest energy from an existing
body with a smooth surface, which is moving with a sufficient surface
speed. Therefore, major modifications of the secondary geometry are
not possible and not further investigated.

2.2.1 Secondary/MCS Materials

A secondary/MCS made of C45E (Mat. No. 1.1191, cf. [38]) steel, which
has similar physical properties and metallurgic composition to steels
used in Europe and Japan for freight train wheels, is used in the further
analysis. Besides, S235 (Mat. No. 1.0038 cf. [39]), and aluminum
Ac-112 (Mat. No. 6082 cf. [40]) are considered as secondary/MCS
materials, as they are commonly used materials in structural machine
parts. Steels C45E and S235 are ferromagnetic and show a comparably
large hysteresis (cf. Fig. 2.2). It therefore can be expected that the
power transfer is slightly different from the case with aluminum MCS.

B-H curve measurements of secondary materials C45E and S235 are
shown in Fig. 2.2. From the measured B-H curves, a linear permeability
µ2 was fit for an excitation amplitude of Bpk = 1.5 T and is given
in Fig. 2.2. Moreover, electric conductivities of these materials were
measured on a cylindrical specimen and are given in Table 2.1.

On the other hand, coating the secondary surface with a thin layer of
copper, which is reported to increase the performance of solid-secondary
induction machines [41], would practically be applicable in many in-
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Figure 2.2: B-H curves of secondary material steels C45E and S235
(in (b)). Measurements in (b) were conducted electrically on a ring
specimen at f = 1 Hz. Dashed lines show the linearized permeability
for an excitation amplitude of Bpk = 1.5 T.

dustrial settings. It is, therefore, analyzed in detail, both, analytically
and experimentally, in this chapter. It is common practice to use an
arc-shaped stator and a rotating, cylindrical secondary with a suffi-
ciently large diameter for the experimental analysis of SLIMs [42–45]
and therefore, the practical realization of the later-described test setup
is realized accordingly.

2.2.2 Equivalent Circuit

The equivalent circuit of an induction machine with an addition on the
secondary side (cf. Fig. 2.3), accounting for the conductive coating is
used for general considerations on the performance of the SLIM. As a
remark, it should be mentioned that the equivalent circuit represents
the behavior of one phase (of an m-phase system) with respect to the
star point. Secondary quantities are transformed to the primary side
and marked with an apostrophe (’).
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Figure 2.3: The equivalent circuit of an induction machine, extended by
an additional branch for the secondary coating, is used to characterize
the electric behavior of a SLIM.

2.2.3 Stator Modeling

Derived from Pouillet’s law,

R = ρ
l

A
=

l

κA
, (2.1)

the stator coil resistance R1 can be expressed as

R1 =
lwire

κCuAwire

= pN2 2 (lx + ly + lend)

κCuAslot kf
, (2.2)

as a function of wire length lwire, it’s conductivity κCu and the conducting
cross-section Awire. It is stated as a function of the stator geometry
parameters: number of pole pairs p, number of turns N , coil span lx,
stator transversal length ly, additional wire length for the end windings
lend, slot cross-section Aslot and copper filling factor kf . No skin and
proximity effects are included in the equation since they can be neglected
for the considered operating frequency of ≈ 250 Hz, wire diameters of
< 2 mm and low slot leakage field (confirmed by FEM below). A too high
R1 leads to high losses in the stator windings and prevents any electrical
power to be harvested by the machine. Hence, it is an important aspect
determining the efficiency of the EH.

The primary stray inductance L1 can be obtained with an analytic stray
path calculation [46], a FEM simulation or with measurements. The
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Figure 2.4: Idealized 2-D model of a SLIM with a solid steel secondary
and a thin conductive coating for deriving the equivalent circuit elements.

primary stray inductance causes an inductive voltage drop. However,
as the EH system is driven with constant current amplitude, and the
voltage utilization of the power semiconductors in a connected inverter
stage is not a primary concern, L1 is not discussed further.

Furthermore, stator core losses are omitted in the equivalent circuit, since
the stator is made of laminated steel M235-35, and for the geometries
and operating conditions specified later, a loss model predicts the core
losses to be less than 10% of the copper losses.

2.2.4 Modeling of Main and Secondary Impedances

As already stated, the induced current and the magnetic field in the
secondary are not guided in dedicated paths as e.g. in a squirrel-
cage rotating induction machine. In contrast, their distribution is the
solution of an electromagnetic field problem, which shall be briefly
analyzed below. Fig. 2.4 shows the simplified geometric parameters
as well as all physical quantities for deriving the secondary equivalent
circuit elements according to Fig. 2.3. It is derived for an ideal machine,
which is endlessly extended in x- and y- directions, according to Fig. 2.4.

For inducing a current in the secondary matter, clearly, the stator field
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Chapter 2. EH with Single-Sided Linear Induction Machines

must have a different speed than the speed v2 of the secondary/MCS.
For consistency with rotating machine theory, the frequency of fields in
the secondary matter is

ω2 = s ω1 , (2.3)

where s is the slip and ω1 the frequency of electric quantities in the
stator.

The flux density in the air gap can then be assumed as

~Bg(t) =

(
Bg,x

Bg,z

)
=

(
0

B̂g · sin (π/τ x+ ω1t)

)
, (2.4)

and due to the condition

dcoat � δcoat =

√
2

|ω2| · µcoat · κcoat
, (2.5)

which requires that the conductive coating on the secondary’s surface is
sufficiently thinner than the skin depth in the coating material, the flux
density in the coating material is also ~Bg.

The fundamental equation for solving the field distribution problem in
the secondary is

∇× (∇× ~B2) = −µ2 · κ2 ·
∂ ~B2

∂t
, (2.6)

which is derived from Maxwell’s equations.

Defining the flux density in the secondary ~B2 as the real part of an
exponential function with complex eigenvalue ~sB as

~B2(t) = Re




~B2 · exp


 ~sB

T ·




x
z
t







 , (2.7)

leads to a well-understandable derivation of the solution.

With the structure defined in (2.7), one can derive a solution for (2.6),
where (2.4) is the boundary condition for the interface of the air gap
and secondary. With the reasonable assumption that the secondary skin
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depth is much smaller than the pole pitch

δ2 � τ, (2.8)

the well-known solution of the skin effect problem can be stated as

~sB =




j π/τ
− (1+j)/δ2

jω1


 , δ2 =

√
2

|ω2| · µ2 · κ2
. (2.9)

Therefore, the amplitude of the field distribution ~B2 in the secondary
can be obtained as

~B2 = B̂g ·
(
− (1+j)/δ2 · π/τ

−j

)
. (2.10)

Furthermore, the current distribution in the secondary j2 can be found
as

j2 = Re





2 jB̂g τ

µ2 δ2
2 π
· exp


 ~sB

T ·




x
z
t







 . (2.11)

With a similar approach, the current density in the coating layer can be
approximated as

jcoat = Re





2 jB̂g τ

µcoat δ2
coat π

· exp


 ~sB

T ·




x
0
t







 . (2.12)

By applying Ampere’s law,

∮

∂S

~B

µ
~d∂s =

∫

S

jds , (2.13)
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one can obtain the stator current sheet as

A1(t) =Re

{
Â1 · exp

((
j π/τ j ω

)( x
t

))}

Â1 = B̂g
π

τ
·
(
g

µ0
+
dcoat

µcoat

)

︸ ︷︷ ︸
Âm

+ B̂g
τ (1 + j)

µ2 δ2 π︸ ︷︷ ︸
Â2

+ j B̂g
τ

π
|ω2| κcoat dcoat

︸ ︷︷ ︸
Âcoat

.

(2.14)

The terms in the current sheet can be interpreted with a simple thought
experiment. Assuming a vanishing air gap (g + dcoat)→ 0, the current
im through the main inductance in the equivalent circuit must similarly
vanish. Since the current sheet is generated by current i1, a separation
into a fraction Âm dedicated for the magnetization in the air gap and a

fraction Â2, which is transformed to the secondary can be conducted in
(2.14). Given that the current sheet is the fundamental of a current i1
in an m-phase winding in the primary, where the flux vector of the first
winding is located at x = 0, following relation for the primary current
space vector holds:

i1(t) = −j
Â1 τ

mN ξ︸ ︷︷ ︸
î

exp (jω1 t) . (2.15)

With the balance of stored energy in the air gap,

Eg(t) =
m

2
Lm

im(t) · im∗(t)
2

=

2 τ∫

0




∥∥∥ ~Bg(t)
∥∥∥

2

2µ0
g +

∥∥∥ ~Bg(t)
∥∥∥

2

2µcoat
dcoat


 ly p dx,

(2.16)

one can express the main inductance as

Lm =
2

π2
mp (Nξ)2 ly τ ·

(
g

µ0
+
dcoat

µcoat

)−1

. (2.17)
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With a similar balance of stored energy in the secondary, one can find
the secondary stray inductance as

L′2 = mp (Nξ)2 µFe ·
ly δFe

τ
. (2.18)

It is clear from (2.14) (due to the 1 + j factor) that the phase angle

of the current sheet fraction Â2 dedicated for power transfer to the
secondary is +45o for linear material, as firstly published in [47]. Due to
the suitable definition of the coordinate system, it is equal to the phase
angle between main inductance voltage um and secondary current i′2.
Therefore, for the secondary resistance, the following can be obtained:

|ω1 L
′
2| = |R′

2/s|, (2.19)

R′2 = 2mp (Nξ)2 · ly
κ2 δ2 τ

. (2.20)

In a similar approach, the resistive element of the coating branch in
Fig. 2.3 can be obtained as

R′coat = 2mp (Nξ)2 · ly
κcoat dcoat τ

, (2.21)

which concludes the derivation of equivalent circuit elements. It should
be noted that there is no inductive path for current i′coat of Fig. 2.3 due
to condition (2.5). However, the coating thickness dcoat alters/reduces
the main inductance Lm.

2.3 Scaling Law for EH

The underlying idea of providing a scaling law is to obtain an understand-
ing of how most important performance parameters as e.g. the power
output varies with changing the geometric parameters (size), operating
parameters (speed, electric loading) and material parameters (conductiv-
ity, permeability). Scaling laws have a long tradition in physics and fluid
mechanics; for rotating electric machines, references [48, 49] summarize
considerations on the power scaling. With introducing a scaling param-
eter k, which is approximately constant for machines/devices of similar
aspect ratio and number of pole pairs, the proportionality provided by
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Chapter 2. EH with Single-Sided Linear Induction Machines

the scaling law can be directly converted into an equation of the form

P = k · f(geometric params., operating params., material params.).

The scaling parameter k can be obtained from few measurements or
FEM-simulations and in this way, the complexity of modeling a SLIM
in EH with reasonable accuracy can be reduced.

Starting from the secondary equivalent circuit elements, which are
derived for an ideal machine (cf. Fig. 2.3), the secondary impedance Z ′2
is

Z ′2 = (jω1L
′
2 +R′2/s) ||R′coat/s. (2.22)

The power, which is generated/harvested in the secondary P2, can be
expressed as

P2 = Re

{
m

2

um · um
∗

Z ′2
∗

}
, (2.23)

with um = jω1 Lm im. Employing the equations derived for the equiva-
lent circuit elements, a scaling for P2 can be expressed as

P2 ∝ p ly τ3/2 v
3/2
2

(mN ξ Im)
2

(g + dcoat)
2 ·

(√
κ2

µ2
+

√
π

τ
v2 κcoat dcoat

)
,

(2.24)

where Im = 1/
√

2
∣∣im
∣∣ is the RMS value of the current sheet, v2 the

secondary surface speed. Here, s = −1 is assumed and it will be
confirmed later that this is close to the optimum slip for EH. Moreover,
µcoat = µ0 is set, as the coating is typically copper or aluminum.

Equation (2.24) can be rewritten since the current I1 on the primary
side is proportional to Im

P2 ≈ k· p ly τ3/2 v
3/2
2

(mN ξ I1)
2

(g + dcoat)
2 ·

(√
κ2

µ2
+

√
π

τ
v2 κcoat dcoat

)
,

(2.25)

where the power scaling factor k replaces constant factors in the power
equation (2.23) and takes also effects due to finite length in the x-

22



2.4. Winding Scheme for a Short SLIM EH System

direction (longitudinal end effect, cf. [50]), width in the y-direction
(transversal edge effect, cf. [51]) and further nonideal effects (e.g. due
to the large hysteresis of the considered secondary side material) into
account.

Finally, the harvested power on the machine’s terminal P1 can be found
as

P1 ≈− k · p ly τ3/2 v
3/2
2 ·

(mN ξ I1)
2

(g + dcoat)
2 ·
(√

κ2

µ2
+

√
π

τ
v2 κcoat dcoat

)

︸ ︷︷ ︸
P2

+mR1 I
2
1︸ ︷︷ ︸

Pcu

,

(2.26)

which describes the scaling of the harvested power with respect to
geometric and material parameters. Beneficially, nonideal effects and
losses in the system, except for primary side copper losses, scale with the
extracted power P2 from the secondary side. As described previously,
stator iron losses are negligible compared to copper losses and therefore,
disregarded in the scaling law. With (2.26), one can quantify the two
opposing effects on harvested power with increasing coating thickness
dcoat. Increased magnetic air gap counteracts the positive effect of
providing a low impedance path for induced currents. An optimal
coating thickness is calculated and verified with measurements and
simulations below.

2.4 Winding Scheme for a Short SLIM EH
System

Clearly, a SLIM for EH should feature a compact design and low stator
losses. Starting from an analytic consideration (2.26) of the harvested
power, two SLIM prototypes with large pole pitch τ and a rather short
transversal length are investigated. Typically, in rotational induction
machines, distributed windings according to, or similar to winding
scheme Fig. 2.5a are realized. It is a two-layer winding and one coil
has one side (cf. Fig. 2.5a A1) in the inner layer and one coil side (cf.
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2.4. Winding Scheme for a Short SLIM EH System

Fig. 2.5a A1’) in the outer layer. This ensures that the end windings
do not intersect, although the winding scheme is a distributed one.
Consequently, for a linear induction machine with this scheme, the first
and the last three slots would only be half filled (cf. Fig. 3 of [42]).
Only for long linear induction machines (p > 5), as e.g. used in traction
applications, the number of half-filled slots is acceptable.

Essential for the operation of an induction machine is a relatively smooth
excitation field distribution. In this study, only winding schemes with
similar excitation field shape (cf. lower part of Fig. 2.5) with a total
harmonic distortion (THD) of 6.9%, namely Fig. 2.5b and Fig. 2.5c are
considered. For the ease of manufacturing, well-known methods, which
can improve the sinusoidal shape of the excitation field distribution, as
e.g. fractional pitching, are not investigated further in this study.

The winding scheme, shown in Fig. 2.5b, is distributed and can be
realized for p = 1, but the end windings intersect. The winding scheme
of Fig. 2.5c has concentrated windings, which lead to short end windings,
beneficial properties in the manufacturing process and typically higher
copper filling factor than Fig. 2.5b. It should be noted that phases B and
C have 2p coils, while phase A has 2p+ 1 coils in a practical realization.
A drawback of the winding scheme in Fig. 2.5c is the reduced excitation
field amplitude due to excitation cancellation across different phases
in one slot. With (2.2), for the same excitation field amplitude, the
following copper loss ratio between the winding schemes of Fig. 2.5b
and Fig. 2.5c can be deducted

Pcu,conc

Pcu,dist
≈ 4 (τ/3 + ly) kf,dist

(τ + ly) kf,conc
≈ 2 , (2.27)

where τ ≈ ly is assumed for the SLIM prototypes and kf,conc = 0.27,
kf,dist = 0.33 were obtained by manufactured prototype windings. There-
fore, the winding scheme of Fig. 2.5b is considered in the following as
it shows about half the stator copper losses, compared to the winding
scheme of Fig. 2.5c.
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Induction Machine

Torque Sensor

Secondary
w. Coating

Mounting Structure
w. adjustable Air Gap

SLIM Prototype

Figure 2.6: Setup for conducting measurements on EH with SLIMs (pro-
tective cover not shown). The SLIM under test (A2 cf. Table 2.2 shown)
is mounted on a positioning stage with a rigid arm. The replaceable
secondary wheel (d2 = 200 mm) is driven by a commercial induction
machine with variable speed drive.

2.5 FEM and Experimental Results on EH
Operation

Presented experimental results were obtained with the test setup of
Fig. 2.6. Results of time-transient FEM simulations are provided to
further investigate the device in operation and demonstrate that the
analytic model, simulations, and measurement results agree.

The secondary/MCS in Fig. 2.6 is driven with an off-the-shelf induction
machine and a variable speed drive. A torque sensor (type Burster 8661-
5050-1210 with ±10 mNm accuracy) provides an accurate measurement
of the secondary’s rotational speed and the torque on the drive shaft.
The SLIM prototype under test is mounted on a positioning table with
a rigid arm.
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Figure 2.7: Power P1 measurement results for the stator prototypes
according to Table 2.2 in generator operation. The end effects, which
cause the measured power curve to show several local minima, are more
pronounced with stator B than with A1 and A2. Power in the 10-Watt
range can be extracted on the machines’ terminals and shows the EH
capability of the concept. The maximum power point (MPP) in slip for
EH is s ≈ −1 for all tested prototypes.

For the measurements presented in the following, the SLIM is driven by
an adjustable three-phase AC voltage source ”Elgar SW 5250 A”. All
phase currents, phase-to-star point voltages, active and apparent powers
of the SLIM on the machines’ terminals P1 are measured with a precision
power analyzer ”Norma D6100”. Table 2.2 details the specifications of
built prototypes.

2.5.1 Generator Operation

Fig. 2.7 shows measurement results of the manufactured SLIM prototypes
in generator operation. Measurements are for g = 0.5 mm air gap and
constant RMS current. The current in stators A1 and A2 (cf. Table 2.2)
was set to I1 = 2 A and with stator B (cf. Table 2.2) to I1 = 8 A,
such that a similar current density of S = 3.8 A/mm2 in the winding is
present. The secondary surface speed was set to v2 = 29 m/s. Although
the tested prototypes are comparably short in length (pole pair number
of 1 and 2), significant power can be extracted. The maximum power
point (MPP) in terms of slip is around s = −1 for all three tested
machine prototypes. End effects, which cause the measured power
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Chapter 2. EH with Single-Sided Linear Induction Machines

curve to show several local minima, are most pronounced with stator
B. Reference [50] discusses the origin of the output power and thrust
variation due to end effects in SLIMs.

Fig. 2.8 shows simulation results in terms of the flux density distribution
for stator A1 according to Table 2.2 in generator operation. It can be
observed that the flux density in the rotor/secondary is concentrated on
a small sheet on the rotor’s surface due to the skin depth. Moreover,
it can be observed that the stator is magnetically well-dimensioned as
the stator teeth are not saturating and the flux density in the winding
window is low. Therefore, the previously taken assumption that stator
iron losses and the winding’s proximity losses are low and, therefore,
disregarding it in the power scaling law is a valid assumption.

2.5.2 Optimal Copper Coating Thickness

As discussed in Sec. 2.3, an optimal value for coating thickness on the
secondary exists. Therefore, in Fig. 2.9 the stated analytical model is
verified with FEM simulation results and measurements. The SLIM

Table 2.2: Parameters of the SLIM harvesters.
Parameter Variable A1 A2 B

Stator material M235-35A
Pole pitch τ 26 mm 52 mm
Stator width ly 30 mm 45 mm
No. of pole p. p 1 2 1
Opt. No. of coat. layers Ncoat 2 3 1
No. of phases m 3
Winding window Aslot 165 mm2 267 mm2

Cu filling factor kf 0.274 0.234
Number of turns N 90 30
Wire gauge AWG 20 AWG 14
Winding factor ξ 1 1
Stat. winding resist. R1 0.635 Ω 1.27 Ω 0.081 Ω
Stat. stray induct. L1 2.47 mH 4.93 mH 0.428 mH

Sec. diameter d2 200 mm
Sec. ax. length ly,2 60 mm
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Figure 2.8: 2-D FEM simulation of stator A1 according to Table 2.2
in generator operation with two layers of copper coating, s = −1.18,
v2 = 29 m/s and I1 = 2 A. It can be observed in (a) that the flux in the
rotor concentrates close to the surface. Stator teeth do not saturate and
the flux density in the winding window is low. (b) Radial component
(normal to the surface) of the flux density in the air gap and on the
interface between coating and steel wheel.

prototype A1 operating in MPP with a C45E secondary and copper
coating is considered. The MPP was obtained in a grid search over the
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Figure 2.9: Impact of secondary coating on the harvested power and
overall shaft-to-machine-terminals efficiency. Results are for stator A,
I1 = 2 A, secondary material C45E, tip speed of v2 = 29 m/s and MPP
in slip. The air gap between stator and secondary wheel or coating
surface, respectively, was set to gm = 0.5 mm.

excitation frequency f1. The coating was applied in form of an adhesive
copper foil tape [52] with electrically conductive adhesive. In order to
take the effect of the adhesive into account, an averaged conductivity of
κcoat = 23 MS/m is applied in the models.

In the top plot of Fig. 2.9, which shows the increase in harvested power,
measurement results and FEM simulations agree well with the model
according to (2.25). For stator A1, the EH performance can be improved
by a factor of 2. Measurement results in Fig. 2.9 of the overall shaft-to-
machine-terminals efficiency show that the efficiency can be improved by
a factor of 3 due to copper coating. The positive effect of the introduced
low-impedance path for eddy currents predominates over the negative
effect of an increased magnetic air gap. The optimum was found with
two layers of adhesive copper foil tape [52] (total coating thickness
dcoat ≈ 180µm). With more than two layers of coating on the secondary,
the effect of increased magnetic air gap dominates and the extracted
power decreases.
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Figure 2.10: Power P1 measurement results for stator prototype A2
and different secondaries (without coating) over the secondary speed
range. In accordance to the models, best EH performance was achieved
with steel C45E. The analytical model is only suitable for ferromagnetic
secondaries (under the considered operating conditions) and therefore,
model and measurements disagree for an aluminum Ac-112 secondary.

2.5.3 Scaling Law and Impact of Secondary
Material

Fig. 2.10 shows the validity and limitation of the presented analytical
model, i.e. scaling law (cf. (2.26)). Different secondary material configu-
rations according to their performance in EH are analyzed. Parameters
for this analysis are summarized in Table 2.3. In accordance with (2.26),
the secondary conductivity and permeability are characterizing the per-
formance of a secondary. Hence, aluminum should show best power

Table 2.3: Parameters for scaling law confirmation.
Parameter Variable Value

Stator A2
Stator current I1 4 A
Air gap g 0.5 mm
Carter factor kc 1.6
Aluminum conductivity κ2,Ac−112 27 MS/m

Obtained Scaling Parameter k 2 · 10−14 kg2·m2

s4·A4
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Chapter 2. EH with Single-Sided Linear Induction Machines

extraction capabilities as the conductivity is high (approx. 6-times
higher than in steel) and the permeability low (µ2,Ac−112 ≈ µ0). In
the measurements, this cannot be confirmed and it clearly shows that
condition (2.8) is necessary. Ferromagnetic and conductive secondaries
(C45E, S235) fulfill this condition with ease. However, it is only ful-
filled for high speeds (v2 > 100 m/s) with aluminum secondaries (cf.
Sec. A). Hence, the derived model/scaling law is not suitable for the
Ac-112 secondary under the given operating conditions. In the author’s
opinion, a disagreement of model and measurements, in this case, is of
minor concern as measurement results show that a non-ferromagnetic
secondary performs poorly in EH (i.e. no energy can be harvested).

Crosses in Fig. 2.10 show measurements of the harvested power and
solid lines the scaling law with the scaling coefficient k according to
Table 2.3. The scaling coefficient was fitted to the measurement data
provided for S235 and C45E in Fig. 2.10. For the S235 and C45E
secondary, measurements and scaling law agree well. Higher speed leads
to reduced skin depth and a higher flux density in the secondary material.
Furthermore, the secondary materials’ B-H curves (cf. Fig. 2.2) show
strong non-linearity and saturation. Hence, for measurement points
in Fig. 2.10 with v2 = 29 m/s, the scaling law (where constant µ2 was
assumed) slightly underestimates the measured power. Finally, C45E
is superior to other tested secondary materials for EH and all further
measurements are with a C45E secondary.

2.5.4 Power Scaling due to Air Gap, Pole Pitch, and
Saturation

In order to investigate further aspects of the scaling law derived in
Sec. 2.3, measurement and simulation results on a variation of the air
gap, stator current, and pole pitch are presented in the following.

Fig. 2.11 shows plots of extracted power versus air gap, conducted with
stator B (cf. Table 2.2), a C45E MCS without a coating and I1 = 2 A.
Over the measured air gap range 0.4 mm ≤ gm ≤ 2 mm, the measure-
ments confirm the predicted power scaling P2 ∝ g−2, which can be
explained qualitatively with the Lm ∝ g−1 scaling of the magnetization
inductance. It has to be noted that

g = gm + δg, (2.28)
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Figure 2.11: Investigation of the air gap influence and comparison
with the scaling law. Measurements were conducted with stator B (cf.
Table 2.2), v2 = 22.2 m/s, I1 = 2 A, and MPP in slip. Air gap can be
identified as a key parameter for the use of a single-sided SLIM for EH.

with δg = 0.4 mm is used here instead of a constant Carter factor kc (cf.
Table 2.3).

2-D FEM simulation results show a slight mismatch to both the mea-
surements and the scaling law for a small air gap. The large aspect ratio,
namely high τ/g ratio, is a challenge for the discretization (meshing) and
a possible cause for the mismatch.

In Fig. 2.12, output power P1 measurements over I1 are given for different
air gap values. Results are with stator B (cf. Table 2.2) and a C45E
MCS without coating. The scaling P1 ∝ I2

1 can be confirmed. Further
insight into the usage of SLIM for EH can be obtained concerning the
influence of R1 on the system. A region gm < 1.5 mm, which allows EH,
and a region gm > 1.5 mm, where EH is impossible, can be identified.
For large air gap values, the copper losses Pcu due to R1 are always
higher than the harvested power P2 and increasing the current does not
lead to higher power extraction. It is dedicated to the effect that both,
P2 and Pcu, scale with I2

1 .

It can be seen that the given scaling law is valid for the region I1 < 5 A
since it relies on a nonsaturated secondary material. Saturation indeed
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Figure 2.12: Investigation of stator current I1 influence for different
air gap values. Measurements were conducted with stator B (cf. Ta-
ble 2.2), v2 = 22.2 m/s, and MPP in slip. With too high air gap values
(gm > 1.5 mm) it was not possible to harvest power and with I1 > 5 A,
saturation effects on the secondary occurred.

improves the extraction of P2. On the other hand, for typical watt-range
EH applications, a nonsaturated secondary material can be assumed
since an apparent power of S1 � 100 VA is required for saturation with
the test setup considered here and gm = 1.5 mm.

The power to pole pitch relation is analyzed with 2-D FEM simulations
and depicted in Fig. 2.13 and the analysis of the pole pitch influence
shows a boundary for the validity of the scaling law (2.26). It holds with
reasonable accuracy when the aspect ratio τ/g is kept approximately
constant and the following effects limit the validity when deviating from
the stated aspect ratio widely:

• When the aspect ratio becomes too small, i.e. τ/g � 25, which
means a large air gap width, more and more flux lines close in the
air gap without entering the secondary, resulting in lower inductive
coupling than predicted.

• When the aspect ratio becomes too large, i.e. τ/g � 130, the sec-
ondary impedance becomes large compared to the magnetization
impedance. Accordingly, the harvested power is limited.
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Figure 2.13: Simulation results of electrical power over pole pitch
τ , where the ratio τ/g is kept constant such that similar relations of
impedances are given.
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Figure 2.14: Photograph of manufactured stator A1.

2.6 Case Study on SLIM EH System

In this section, a case study with SLIM stator A1 (cf. Table 2.2), depicted
in Fig. 2.14, harvesting P1 = 15 W power output from a rotating shaft

35



Chapter 2. EH with Single-Sided Linear Induction Machines

is presented. It has an area coverage of 16.5 cm2 and is, therefore,
suitable for EH. Furthermore, a scheme for reactive power compensation
is discussed. Table 2.4 details the specifications of the harvester and the
analyzed operation point.

In Fig. 2.15, the voltage and current phasors are given for power extrac-
tion of 15 W including reactive power compensation using three EPCOS
B32524 68µF film capacitors, according to Fig. 2.16. The measured
voltages and currents as a function of time are depicted in Fig. 2.17 for
the operation with and without compensation, respectively. The asym-
metric operation of the SLIM is clearly visible, which can be explained
by the (static) end effects. Phases A and C harvest power whereas
phase B is drawing power. Therefore, a unity power factor cannot be
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Figure 2.15: Voltages and currents pointer diagram showing the cur-
rents through the machine’s terminals before and after compensation,
flowing through the driving AC voltage sources. Labels are according
to schematic Fig. 2.16.
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Figure 2.16: Schematic for reactive power compensation. The SLIM is
driven by a three-phase controllable voltage source and adjusted such
that the RMS value of the machine’s phase currents are equal. A bank
of reactive power compensation capacitors is connected in parallel to
the machine’s phases.
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Figure 2.17: Measured phase currents and phase-to-star point voltages
without (a) and with compensation (b).

reached, even with capacitive compensation. The apparent power can
be reduced from S = 108 VA to S = 34 VA, which corresponds to a
power factor of λ = 0.44. Hence, the required apparent power needed
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Table 2.4: Specifications of harvester case study.
Parameter Variable Value

Measured air gap gm 0.5 mm
Stator material M235-35A
Secondary material Steel C45E
No. of coating layers 2
Tot. coating thickness dcoat 180µm
Secondary surface speed v2 29 m/s
Stator phase current (RMS) I1 2 A
Excitation frequency f1 230 Hz
Apparent power on SLIM S1 108 VA
Apparent power on drive Sdrive 34 VA
Active power on SLIM P1 14.8 W
SLIM efficiency η 14 %

from the supplying AC voltage and/or inverter stage is reduced by a
factor of three, which leads to a lower rated power of the inverter and/or
to a reduction of losses. Power losses due to the film capacitors are
comparably small Ploss < 1 W.

For the conducted measurements, a controlled three-phase voltage source
(”Elgar SW 5250 A”) was utilized for driving the SLIM. In this setup,
parallel compensation of reactive power is favorable as it still guarantees
well-defined terminal voltages on the SLIM’s electric terminals and
hence, a well-defined moving air gap flux vector. Series compensation of
reactive power might be favorable when operating the SLIM in an EH
environment with a switched-mode drive but requires (conversely to the
parallel compensation) higher bandwidth current control.

2.7 Summary

In this chapter, an EH system is investigated, which is formed by placing
the stator of a single-sided linear induction machine (SLIM) close to a
moving, solid conductive body/surface/secondary (MCS), which exists
in the vicinity of the load to be powered. The SLIM is operated in
generator mode, harvesting electrical energy from the kinetic energy of
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MCS.

The applicability of a SLIM for EH is analyzed starting from a simple,
yet powerful analytical model. The derived power scaling relations
(2.24), (2.25) and (2.26) reveal the influence of geometric, electric, and
material parameters on the harvesting performance.

Different winding schemes that are particularly suited for EH (short
SLIMs with a low number of poles) are evaluated. A one-layer distributed
winding scheme shows best results in the comparison and is implemented
on the prototypes. The analytical model is used to find the optimum
copper coating thickness. An output power increase of more than
100% with ≈ 0.2 mm coating thickness is predicted by the models and
confirmed by measurements. Measurements with secondaries made
of two different common steel grades, S235 (construction steel) and
C45E (similar in composition to freight wagon wheels and commonly
used for shafts in machinery), and one aluminum alloy (Ac-112) reveal
that the extracted power is increased with the steel of higher carbon
content (C45E). Measurements with a compact prototype, utilizing
approximately 17 cm2 of the secondary’s surface area, with optimized
secondary copper layer thickness, show that harvesting 15 W of electrical
power with 14% efficiency over an air gap of 0.5 mm from a secondary
with a tip speed of 29 m/s is possible. The energy efficiency of the
system is not a primary concern (which is the typical approach in the
domain of EH) as it supplies electric power at a place, where no other
power supply alternative exists.

Further measurements with parallel compensation of the reactive power
lead to a reduction in apparent power from 108 VA to 34 VA. Due to
imbalances in harvested power across the phases, which is a well-known
phenomenon for short SLIMs, the power factor after compensation does
not reach unity.

The power scaling law, together with the experimental verification shows
that EH/ energy generation with a stator of reasonable size (covering
47 cm2 of MCS surface) is only possible for low air gap values (< 1.5 mm).
Overall, the required air gap is too small for the application on a freight
wagon and, therefore, different concepts, which utilize PMs, are analyzed
in the following.
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3
Radially Magnetized Non-Coaxial

Eddy Current Coupling for EH

The subject of this chapter is a non-coaxial eddy current coupling,
which can be utilized on a freight train wagon for generating

auxiliary power in the range of several Watts. The coupling comprises
a wheel with radially magnetized permanent magnets (PMs), which is
positioned in the vicinity of the wagon’s wheel, and extracts kinetic
energy when the train is in motion. A computational method for solving
the three-dimensional (3-D) problem of the eddy current coupling is
presented. Maxwell’s equations for calculating the excited eddy currents
are solved in the Fourier domain with a semi-analytical method (SAM),
resulting in computationally efficient simulations.

3.1 Radial Kinetic Energy Harvester

As reported above in Ch. 2, a SLIM with reasonable size requires a
too small air gap (< 1.5 mm) for energy generation. Consequently, a
different approach is followed and EH arrangements, utilizing permanent
magnets (PMs), are developed and analyzed. An EH arrangement with
a PM wheel, comprising radially magnetized PMs, is considered in the
following. Henceforth, it is denoted as radial kinetic energy harvester
(radial KEH).

Auxiliary power generation systems with a KEH, as illustrated in Fig. 3.1,
overcome the aforementioned drawback of a small air gap requirement.
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Rail
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Figure 3.1: Application example of the eddy current coupling on a
freight train for coupling the wagon’s wheel with an auxiliary power
generator in a contactless fashion.

Such systems comprise:

• a non-coaxial eddy current coupling,

• a generator, and

• an active rectifier for conditioning the extracted electric power.

The eddy current coupling is established between the wagon’s wheel and
radially magnetized PMs, which are mounted on a shaft that is free to
rotate around its axis. When the wagon’s wheel rotates, eddy currents
are induced on its moving conductive surface (MCS). The reaction force
acting on the magnets makes the PM wheel rotate. Reference [53]
proposes a similar concept, which is shown in Fig. 3.2, for powering a
low-power lighting unit, where the generator is implemented as a coil
around the PM wheel. One could imagine the geometrical arrangement
similar to a spur gearing, where the PM wheel is a pinion and coupled
to the MCS (larger gearwheel or rack). Obviously, unlike to a spur
gearing, an air gap between PM wheel and MCS is present and a slip
occurs in operation. The arrangement without integrated extraction coil
is illustrated in Fig. 3.3 and is the topic of further analysis throughout
this chapter.

The merit of the system of Fig. 3.1 is that the wagon’s wheel does
not need any modification, nor coating and similarly to a SLIM, the
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Figure 3.2: (a) Illustration of a non-coaxial eddy current coupling (radial
KEH) with attached extraction coil, which forms a single-phase generator
with the coupling’s magnets. The directions of rotation and translation
are denoted with white arrows. (b) Commercially available low-power
(3 W) system [53,54] with the case opened. The single-phase generator
directly powers a pair of antiparallel LEDs.

extraction takes place contactless and electromagnetically. Crucial for
the operation is that eddy currents are excited in the MCS/wheel.
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Therefore, a non-zero time derivative of magnetic flux must penetrate
the MCS (in its local, moving coordinate system).

The coupling’s operation can be illustrated, considering the loading of the
system, i.e. when the PM wheel delivers a torque to an electric generator.
In this case, the PM wheel slows down and a higher surface speed
difference between MCS and PM wheel appears. The time derivative of
magnetic flux increases and eddy currents settle at a higher magnitude.
This leads to an increased torque on the PM wheel, i.e. a new operating
point with higher transferred torque is reached.

Coaxial eddy current couplings are studied and optimized extensively in
literature for various applications [55–57]. Moreover, Paudel analyzes a
PM wheel in combination with an aluminum MCS for electrodynamic
levitation purposes [58–61]. However, an analysis of a non-coaxial eddy
current coupling for a steel MCS in combination with the introduction
of a computationally highly efficient simulation method has not been
presented in literature so far.

A semi-analytical method (SAM), which allows simulating the system’s
characteristics and performance, is derived in Sec. 3.2 at first. Subse-
quently, measurements on two prototypes, built such that they suit the
desired application, are presented and compared to the results of the
SAM as well as to the result of a time-transient finite element method
(FEM) simulation in Sec. 3.3. Moreover, insight into the significant
performance improvement of the SAM, compared to a time-transient
FEM is given. Additionally, a power density vs. efficiency (ρ-η) Pareto
optimization for a design space with relaxed boundaries considering
geometric properties of the PM wheel is performed in Sec. 3.4. Hence,
recommendations on the design of an eddy current coupling for different
applications can be formulated.

3.2 Modeling & Semi-Analytical Method

A common approach for calculating the excited eddy currents is the
utilization of (commercial) FEM simulation (software). Analyzing the
power transfer in the considered non-coaxial eddy current coupling
requires a transient, 3-D FEM simulation. A fine mesh is mandatory on
the surface of the steel wheel, i.e. MCS, since the induced eddy currents
are flowing in a skin depth in the mm-range (as confirmed later). As a
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Figure 3.3: Illustration of the permanent magnet (PM) wheel, which
becomes an eddy current coupling together with the moving conductive
surface (MCS). Conductive and non-conductive regions, used for deriving
the model are labeled and the source field of the PM wheel is mapped
on top of ”top region” in the semi-analytical method (SAM) simulation.

result, simulating the eddy current coupling in different operating points
(OPs) is challenging. Therefore, in the following, a computationally
efficient method is presented for calculating the magnetic field, induced
eddy current distribution and the resulting characteristics of the coupling
in terms of transferred power and efficiency.

Based on initial models formulated for non-magnetic conductor materials
[58–61], the solution for the flux density distribution is a superposition
of the flux density distribution of the PM wheel in free space (source
field) and a reflected field due to induced eddy currents. The modeling
domain can be separated into three regions (cf. Fig. 3.3):

• a conductive region (moving conductive body/surface: MCS),

• a top region (air), where the source field is mapped on the boundary
and

• a bottom region below the conductive region.

In the conductive region, the following equation for the magnetic flux
density ~B must hold

∇× ~B = µ2 σ( ~E + ~v × ~B), (3.1)
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where µ2 = µ0 · µ2,r, σ and ~v are the conductive material’s permeability,

conductivity and speed, and ~E is the electric field strength.

In the non-conductive regions (top and bottom)

∇× ~B = 0 (3.2)

must hold.

Clearly, Gauss’s law for magnetism,

∇ · ~B = 0, (3.3)

must hold in all regions.

Moreover, for the non-conductive regions, a magnetic scalar potential
φ can be defined, which simplifies the calculation of the flux density
distribution,

~B = −µ2 grad(φ). (3.4)

Moreover, (3.4) ensures condition (3.2) as it describes the B-field in the
non-conductive region as a (curl-less) gradient field.

A convenient approach is to assume that the system is in steady state
(implies constant/slowly changing rotational speed of the magnet wheel)
and altering with an electrical frequency

ωe = p · ω1, (3.5)

where p is the number of pole pairs and ω1 the rotational frequency of
the PM wheel.

Further, it allows introducing the flux density distribution as a phasor

~B(x, y, z, t) = Re
{
~B(x, y, z) · ejωe t

}
. (3.6)

Generally, a set of partial differential equations for the three-dimensional
flux density vector field must be solved for obtaining the solution of
the problem in terms of flux density and eddy current distribution.
However, solving the problem in the Fourier domain, where the Fourier
transforms of the flux density B(x, y, z) and of the magnetic scalar
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potential φ(x, y, z) are introduced as

~B(ξ, y, ζ) =

∫∫

R2

~B(x, y, z) · ejξy · ejζzdx dz,

ϕ(ξ, y, ζ) =

∫∫

R2

φ(x, y, z) · ejξy · ejζzdx dz,

(3.7)

allows replacing the set of partial differential equations by a set of linear
equations.

With the Maxwell-Faraday equation

∂

∂t
~B = −∇× ~E,

(3.1) can be reformulated as

∇×∇× ~B = µ2σ(− ∂

∂t
~B +∇× ~v × ~B). (3.8)

With expanding the curls, (3.8) can be rewritten as

(∂xx + ∂yy + ∂zz) ~B = µ2σ(jωe ~B + ~v · div( ~B)). (3.9)

For obtaining the solution of the field problem, a two-dimensional
Fourier transform of the magnetic field B(x, y, z) and the magnetic
scalar potential φ(x, y, z) was introduced in (3.7).

Therefore, (3.9) can be rewritten as

∂2

∂y2
~B − (ξ2 + ζ2 + jµ2σ(ωe + ξvx + ζvz))︸ ︷︷ ︸

γ2

~B = 0, (3.10)

with j ∈ x, y, z and vy = 0.

With the ansatz eβy for the y-dependency, (3.10) becomes a polynomial
in β:

∂2 ~B
∂y2
− γ2 ~B = 0 =⇒ β2 − γ2 = 0 (3.11)

Its roots are β1,2 = ±γ; for convenience, we define β = γ and obtain the
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general Fourier domain solution for the fields in the conductor,

~Bcond(ξ, y, ζ) = ~Ccond(ξ, ζ) · eβ·y + ~Dcond(ξ, ζ) · e−β·y, (3.12)

with
β =

√
ξ2 + ζ2 + iµ2σ (ωe + ξvx + ζvz) ∈ C. (3.13)

It shall be denoted that the vectorial constants ~Ccond(ξ, ζ) and ~Dcond(ξ, ζ)
are still unknown.

Gauss’s Law (3.3) must also hold for the flux density distribution with
the provided ansatz and can be reformulated as

[
jξ β jζ

]
~Ccond = 0,

[
jξ −β jζ

]
~Dcond = 0.

(3.14)

Invoking the definition of the magnetic scalar potential (3.4), Gauss’s
Law for the non-conductive region results in

(∂xx + ∂yy + ∂zz)φ = 0 =⇒ (α2 − ξ2 − ζ2)ϕ = 0. (3.15)

Similar to the solution described in (3.12) for the conductive region,

solutions for the air region above and under the conductive region, ~Bair

and ~Bbot (cf. ”top region” and ”bottom region” in Fig. 3.3), can be
described as

~Bair = ~Bsrc +




jξ
−α
jζ


 Dair(ξ, ζ) e−αy, (3.16)

~Bbot =




jξ
α
jζ


 Cair(ξ, ζ) eαy, (3.17)

both with
α =

√
ξ2 + ζ2 ∈ C. (3.18)

Constants Dair and Cair are scalar. The source term, which describes
the excitation due to the PM wheel, is taken into account with ~Bsrc in
(3.16).
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Figure 3.4: Location of field evaluation planes for pole pair numbers
p = 2 and p = 3.

Hence, the flux density distribution of the PM wheel in free space
(actually, its Fourier transformed ~Bsrc) is required as source field for
the SAM calculation. In previous works [58,60,61], the source field is
calculated analytically and then employed for finding the eddy current
distribution in the MCS. A significant limitation of this approach is
that finding the source field solution can be cumbersome and requires
an analytic derivation of the exact geometry of interest. This work
follows a different paradigm and directly imports the source field from
a stationary FEM simulation, which is computationally efficient, as
no transient effects (e.g. induced eddy currents) have to be simulated.
Therefore, the field is evaluated in the simulation software on planes
around the PM wheel as illustrated in Fig. 3.4. Further, the Fourier
transformed source field ~Bsrc (which was obtained by FEM) is applied
on the boundary of the top region in (3.16).

The continuity of the magnetic field on top of the conductive region
(y = 0) and on the lower edge of the conductive region (y = −d) are
accounted with

~Bcond(y = 0) =




µ2,r

1
µ2,r


 ~Bair(y = 0), (3.19)

~Bcond(y = −d) =




µ2,r

1
µ2,r


 ~Bbot(y = −d). (3.20)
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With the provided approach, only constants ~Ccond, ~Dcond, Dair and Cair

have to be found, such that the field problem can be solved. In summary,
8 scalar unknown variables have to be found, while a set of 8 scalar
equations is present with (3.14), (3.19) and (3.20). Numerically, this
results in solving the matrix equation




µ2,riξ −1 −1 0 0 0 0 0
α 0 0 1 1 0 0 0

µ2,riζ 0 0 0 0 −1 −1 0
0 e−βd eβd 0 0 0 0 −µ2,riξ e−αd

0 0 0 e−βd eβd 0 0 −α e−αd

0 0 0 0 0 e−βd eβd −µ2,riζ e−αd

0 iξ 0 β 0 iζ 0 0
0 0 iξ 0 −β 0 iζ 0




·




Dair,ref

Ccond,x

Dcond,x

Ccond,y

Dcond,y

Ccond,z

Dcond,z

Cair




=




−µ2,rBsrc,x

Bsrc,y

−µ2,rBsrc,z

0
0
0
0
0




.

(3.21)

With solving unknown constants (Ci, Di) in (3.21), the flux density
distribution can be expressed in the Fourier domain and then transformed
back in the space domain ~B(x, y, z, t) with FFT. With evaluating the
Maxwell stress tensor on top of the MCS (y = 0), a surface force density
of

~fMaxwell =




τx
σy

τz


 =

1

µ0




BxBy

B2
y −B2

x −B2
z

By Bz


 (3.22)

results.

The power generating/consuming force on the MCS is found by inte-
grating τx over the MCS surface

Fx =

∫

AMCS

τx dA. (3.23)
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Consequently, the input power is

PMCS = Fx v2. (3.24)

The torque on the PM wheel can be calculated in a similar approach as

T1 = ~ez ·
∫

AMCS

(~r − ~rax)× ~fMaxwell dA, (3.25)

where ~ez is the unit vector in the z-direction, ~r the coordinate of the
point of evaluation and ~rax the coordinate of the PM wheel axis. Finally,
the transferred power is

Pout = T1 · ω1. (3.26)

In summary, the SAM approach allows rapidly simulating many different
designs with arbitrary shapes and arbitrary magnetization as the versa-
tility of FEM is combined with the superior computational performance
of an analytic model. The computational merit of the SAM approach in
comparison to a transient 3-D FEM simulation of a selected design is
quantified in Sec. 3.3.3.

3.3 Prototypes and Measurement/SAM Re-
sults

The desired application on a freight wagon only allows a confined space
for a PM wheel with a radius of r1 = 25 mm and an axial length of
h = 10 mm. Therefore, two prototypes (cf. Fig. 3.5b) were built and
tested on a test setup depicted in Fig. 3.5a, which also allows validating
the SAM by experiments. A wheel with a radius of r2 = 225 mm is
used as MCS, i.e. for emulating the train wheel. The test setup allows
adjusting MCS speed and air gap. In order to characterize the power
transfer characteristic of the eddy current coupling, the PM wheel is
loaded with a generator as depicted in Fig. 3.5. Torque sensors with
integrated speed resolvers are utilized to measure the mechanical power
on input (between induction machine and MCS wheel) and output
(between PM wheel and generator).
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Table 3.1 summarizes key parameters of the hardware prototypes, the
test setup and the OPs for the measurement. The MCS speed was set
to v2 = 22.2 m/s = 80 km/h, which is a typical travel speed of a freight
train.

In order to emulate the magnetic behavior of a wagon’s wheel, as in
Ch. 2, the MCS is made of C45E steel (Mat. No. 1.1191, cf. [38]), which
has a similar metallurgic composition as wagon wheels in Europe and
Japan. Moreover, additional measurements were conducted with an
aluminum wheel (Ac-112, Mat. No. 6082, cf. [40]), in order to illustrate
the performance difference between different MCS materials.

Table 3.1: Parameters for measurements.

Parameter Var.
Meas. Series

A B C

PM wheel rad. r1 25 mm
PM wheel inner rad. r1,i 15 mm
PM wheel axial length h 10 mm
Number of pole pairs p 2 3
PM permeability µmag µ0

PM remanence Br 1.2 T
PM conductivity κmag 0 MS/m
PM wheel core mat. Steel
Core mat. con’tivity κ1,i 0
Core mat. perm’bility µ1,i 500µ0

Sec. radius r1 225 mm
Sec. ax. length ly,2 60 mm
MCS material Ac-112 C45E
MCS conductivity κ2 27 MS/m 4.97 MS/m
MCS permeability µ2 µ0 350µ0

Air gap g 5 mm 3 mm
MCS speed v2 22.2 m/s
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PM Wheel
(Rad. KEH) Torque Sensor:

Transferred Power

Generator

Positioning StageMoving Conductive Surface
(MCS)

Torque Sensor:
Input Power

Induction Machine

Machine Bed

10 mm

(a)

(b)

p = 2 p = 3

r1

r1,i

Steel ShaftParallel
Magnetization

Figure 3.5: (a) Test setup for verifying the SAM simulation model.
As in a railway application, the MCS is not moving linearly but is a
rotating wheel with significantly larger (≈ factor 10) radius r2 = 225 mm
than the PM wheel. A variable speed drive, formed by a commercially
available induction machine and an inverter, drives the test setup. The
PM wheel is then mounted on a fixture close to the radial surface of the
MCS. The air gap can be adjusted with the shown positioning stage.
(b) Built PM wheel prototypes according to Table 3.1 with pole pair
numbers p = 2, 3. Both wheels show a PM wheel radius of r1 = 25 mm.
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3.3.1 Measurement Results

Measurements of input and output power were taken while gradually
loading the coupling. Results are shown in Fig. 3.6. Friction torques
due to the bearings on the drive shaft and on the mounting fixture for
testing the PM wheel were compensated in the shown measurement
results. Torques on the input and output increase with reducing the
PM wheel speed ω1 as the difference in surface speed between PM
wheel and MCS increases. The achievable mechanical output power is
significantly higher with an aluminum MCS than with the steel MCS due
to the increased conductivity of the material. The prototype couplings’
electromechanical efficiency,

η =
Pout

PMCS
, (3.27)

is in the range of 35 . . . 45% (in reasonable operating points) for all
measurement series.

3.3.2 Verification of SAM Simulation

In order to verify the derived SAM model, simulations were conducted
for measurements according to Table 3.1 and results are depicted in
Fig. 3.6 together with measurements. A good agreement could be
found for both, aluminum and steel MCS with the set of used material
parameters. The conductivity of steel C45E was measured on a rod-
shaped specimen, while a data sheet value was used for aluminum Ac-112.
The SAM assumes a constant MCS permeability and therefore, it is a
tuning parameter for the simulation, which has to be calibrated with
measurements. Measured hysteresis curves of C45E are shown above in
Fig. 2.2. In contrast to the simulation of the SLIM, a lower permeability
of µ2 = 350µ0 is assumed for the steel MCS in interaction with the PM
wheel as higher magnetic field strengths occur in the system at hand.
Only a small cross-section in the MCS is conducting a high flux, which
is impressed by the PMs. Simulations of the flux density in the MCS in
Fig. 3.7 show that the flux is concentrated close to the surface of the
MCS. Starting from a simulation of the flux density distribution for the
standstill of the system in Fig. 3.7a, the flux in the MCS is concentrated
with increasing speed. Fig. 3.7b shows results for a reduced operating
speed with v2 = 5 m/s. The final picture of a flux density distribution
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Figure 3.6: Measurement series according to parameter sets A, B and C
of Table 3.1. Parameter sets A and B are with an aluminum MCS, while
C is with a steel MCS. Measurement noise is apparent on measurements
at the drive side, as the measured input power is comparably low for the
utilized drive system (induction machine, bearing arrangement). Good
agreement between measurements, SAM and FEM simulations can be
observed.

for the nominal operating point is given in Fig. 3.7c, where the skin
effect is most pronounced and the maximum flux density reaches values
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well-above the PM remanence flux density Br, i.e. 1.2 T.

3.3.3 Computational Merit

After validating the SAM simulation with measurements, the compu-
tational merit of the SAM shall be briefly studied. For one operation
point, with ω2 = 360 rad/s of parameter set B, in addition to the SAM
simulation (results depicted in Fig. 3.6), a 3-D, transient simulation with
a commercially available FEM software was set up and conducted. The
results are also given in Fig. 3.6 and one can see that measurement, SAM
and FEM simulation agree. Both simulations, SAM and 3-D FEM, were
conducted on a machine with two Quad-Core Intel Xeon E5620 CPUs
and 96GB of installed RAM. Remarkable in the comparison between
conducted FEM and SAM simulation is the difference in simulation
time as given in Fig. 3.8. For the analyzed case, the SAM shows a
significantly lower (factor ≈ 500 faster) computational burden.

3.3.4 Influence of Air Gap Width and MCS Speed

Fig. 3.9 illustrates the couplings’ operation outside the specified set of
OPs in terms of MCS speed and air gap width. Clearly, a larger air
gap leads to a decay in power transfer capability (cf. Fig. 3.9a). It can
be observed that an increase of 2 mm in air gap width approximately
reduces the transferred power by a factor of 2. Moreover, in the analyzed
cases, the power transfer capability with an aluminum wheel (parameter
set B) was found to be approx. 5 times higher than the power transfer
capability with a steel wheel (parameter set C).

The increase in power transfer capability with increasing speed is ana-
lyzed and shown in Fig. 3.9b. The increase in power is approximately
linear with MCS speed.

3.4 Design for Relaxed Parameter Constraints

In order to broaden the study, a ρη-Pareto optimization of the system
is conducted for a relaxed design space (no constraints on the size of
the PM wheel) and for higher output power of Ptarget = 10 W. Sweep
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Figure 3.7: Illustration of flux density in the simulation region; simu-
lations of the PM wheel, according to Table 3.1 C. (a) Flux density
distribution of the system at standstill. (b) Flux density distribution
at a reduced operating speed of MCS and PM wheel. (c) Simulation
results for the nominal operating point of the system.
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Table 3.2: Parameter set for the Pareto analysis.
Parameter Variable Value

PM wheel rad. r1 10 . . . 40 mm
Iron core radius r1,i (0.2 . . . 0.9) r1

MCS surf. veloc. v2 22.2 m/s
Air gap g 3 mm
Number of pole pairs p 1, 2 . . . 5
Axial length h 5 mm . . . 50 mm
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Figure 3.8: Illustration of computational merit of the introduced SAM.
For one simulation point, a simulation with the SAM and a simulation
with a full transient 3-D eddy current simulation was conducted on a
machine with two Quad-Core Intel Xeon E5620 CPUs and 96GB of
installed RAM. The duration of simulation is shown in the bar graph.
For the analyzed case, the SAM shows a significant improvement (factor
≈ 500 faster) in computational burden.

Table 3.3: Key parameters of selected systems A, B and C.

Parameter Var.
Design

A B C

PM wheel rad. r1 14 mm 17 mm 17 mm
Inner rad. r1,i 4 mm 5 mm 8.5 mm
PM wheel depth h 21 mm 20 mm 51 mm
Pole pairs p 2 3 5

Efficiency η 32 % 45 % 54 %
Power density ρ ( W/dm3) 850 590 220
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Figure 3.9: Influence of air gap and with MCS speed on the maximum
transferable power. Parameters for the simulation are in accordance
with Table 3.1. Parameter set B is for an aluminum MCS and parameter
set C is for a steel MCS. Markers ’x’ denote the nominal operating point
in air gap and speed of parameter sets B and C in Fig. 3.6, respectively.

parameters for the optimization are summarized in Table 3.2. More than
1000 designs were simulated and evaluated. Simulations were conducted
with the introduced SAM and the coupling’s performance was analyzed
in terms of power density ρ and efficiency η. The results are compiled in
Fig. 3.10a. Designs fulfilling Ptarget < Pout < Ptarget · 110% are shown.
The PM wheel’s power density was calculated as

ρ =
Ptarget

r2
1 π h

, (3.28)

where r1 is the PM wheel outer radius and h its axial length.

Both, PM wheels with radial (magnetization direction truly in a radial
direction for each point in the magnet segment) and parallel (magneti-
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Figure 3.10: (a) Pareto analysis in a power density (ρ) - efficiency (η)
plane for P = 10 W output power and interaction of the PM wheel with
a C45E steel MCS with v = 80 km/h surface velocity and an air gap
width of g = 3 mm. Designs of the PM wheels were swept according to
the parameter set Table 3.2. Two selected designs (A,C) are illustrated
in (b) and relaxed parameters are given in Table 3.3. The built prototype
for the confined design space in the target application (cf. Table 3.1;
Measurement Series C) is also depicted in the ρη-pane.

zation parallel for a magnet segment; cf. Fig. 3.5b) magnetization were
simulated. Three optimized designs (Design A, B, C) are picked from
the optimization and their parameters are given in Table 3.3. Design A
shows high power density, while design C shows higher efficiency. Design
B is a compromise between power density and efficiency.
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3.5. Summary

The optimization shows that parallel magnetization and a pole pair
number of 2 provides high power density, while higher efficiency is
achieved with radial magnetization and a higher number of pole pairs.
The efficiency (cf. (3.27)) was found to be bound by ≈ 60 %.

3.5 Summary

A non-coaxial eddy current coupling, comprising a permanent magnet
(PM) wheel and a moving conductive body/surface (MCS), and a com-
putationally efficient semi-analytical (simulation) method (SAM) were
presented in this chapter. The target application for employing the
coupling is auxiliary power generation on a freight train wagon, where
the MCS would be a moving surface of the wagon’s wheel. The PM
wheel would be installed next to it, forming the eddy current coupling.

The SAM is introduced in order to calculate the transferred power
and losses of the coupling. It allows solving the 3-D field equations of
the problem in the Fourier domain, which leads to a computationally
efficient set of linear equations. Further, the derived equations can be
solved numerically in an efficient way. A case study shows that the SAM
is about 500 times faster than a transient 3-D eddy current simulation,
conducted with a commercially available FEM software.

Two prototypes, suitable for the desired application were built and
tested and the conducted measurement series verifies the introduced
SAM. An extracted mechanical power of 6 W was achieved with the
built prototype for extracting power over an air gap width of g = 3 mm
from an MCS made of C45E steel and moving with a surface velocity
of v = 80 km/h = 22.2 m/s. Moreover, a linear dependency of the
transferred power on the MCS speed was identified.

Overall, the SAM approach combines the versatility of FEM with the
superior computational performance of an analytic model and hence, a
design optimization for relaxed parameter constraints was conducted.
The study revealed that power densities of up to 800 W/dm3 (13 W/in3),
considering the volume of the PM wheel only, can be achieved for
extracting power over an air gap width of g = 3 mm from a MCS made of
C45E steel and moving with a surface velocity of v = 80 km/h = 22.2 m/s.
Moreover, the investigation showed that the efficiency of such system is
limited to ≈ 60 % for typical scenarios. It can be concluded that PM
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wheels with parallel magnetization and pole pair numbers of p = 2 and
3 show the best performance in an efficiency-power-density trade-off.

In summary, this chapter presents an extensive analysis of a non-coaxial
eddy current coupling for its utilization in an auxiliary power supply
system and presents a computationally highly efficient method for solving
the arising 3-D and transient field problem. However, according to
measurements and simulations, a KEH prototype with suitable size for
mounting on a freight wagon, cannot harvest power in the watt-range
over the required air gap width of 10 mm. Therefore, a further, improved
concept is analyzed in the following.
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4
Improved Kinetic Energy Harvester

(KEH) for Large Air Gap Width

Since the EH prototype described in Ch. 3, which fits the confined
space suitable for retrofitting on a freight wagon, does not fulfill

the requirements in terms of the air gap width and output power, an
improved KEH is introduced in the following. As mentioned above,
an air gap of 10 mm between the MCS and the KEH is mandatory to
allow encapsulating the harvester and for providing free space that is
necessary due to vibrations and geometric tolerances.

The system of the axial KEH is introduced and the operating principle is
illustrated in Sec. 4.1. Sec. 4.2 describes the realized KEH and describes
noticeable points, which arise when the axial KEH is combined with
a ferromagnetic, steel MCS. Sec. 4.3 presents an analytic model for
the optimal overlap set point of the system and the electromagnetic
efficiency of the coupling. The self-startup capability of an axial KEH
is discussed in Sec. 4.4, while Sec. 4.5 concludes the chapter.

4.1 Axial KEH

From Ch. 3, it can be concluded that the interaction area must increase,
such that the electromagnetic coupling improves and harvesting with
a larger air gap is feasible. Therefore, an improved system, which is
inspired by coaxial eddy current couplings, is employed. An illustrative
example is introduced in Fig. 4.1, where the interaction between KEH
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and MCS takes place in a sector-shaped area (cf. Fig. 4.1).

4.1.1 Electro-Mechanical Interaction of Harvester
and Wheel

Eddy current couplings are a mature technology [62–65]. They are
typically utilized in heavy-duty drive trains for overload protection and
vibration isolation [66] as they are characterized by low maintenance
requirements [67]. The functional principle of the considered KEH
is illustrated in Fig. 4.1a. It is similar to an axial-flux eddy current
coupling. However, in standard eddy current couplings, the two shafts
are coaxial in order to maximize the coupling efficiency [55]. On the
other hand, such coaxial arrangement is not suitable in the case at hand,
as it would rigorously limit the mounting flexibility. Moreover, the
MCS movement could be translational instead of rotary when energy is
harvested from a rail. A non-coaxial arrangement with a partial overlap
between the KEH and the MCS is illustrated in Fig. 4.1c.

4.1.2 Aluminum MCS

Computationally efficient analytical models, which solve Maxwell’s equa-
tions for coaxial eddy current couplings, as e.g. discussed in [68], cannot
be derived for the KEH due to its missing symmetry properties. More-
over, the SAM introduced in Ch. 3 cannot be applied due to the 3-D
character of the system at hand. FEM simulations, which calculate the
volumetric Lorentz force density,

~fLorentz = ~j × ~B, (4.1)

where ~j is the eddy current density and ~B the magnetic flux density,
are an adequate tool for modeling the KEH’s performance in case
of an aluminum (i.e. non-ferromagnetic) MCS. The arrangement of
Fig. 4.1 with circular, axially magnetized PMs and an aluminum MCS is
considered here for illustrative purposes. The MCS wheel has a diameter
of 200 mm, 45 mm axial length and 15 mm thickness. Moreover, the
conductivity of aluminum is set to κAl = 27 MS/m and the PMs have a
remanent flux density of Br = 1.4 T.

Fig. 4.1c and Fig. 4.1d show the build-up of Lorentz force for two
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Figure 4.1: Illustrative KEH system with axially magnetized PMs, ro-
tating in close vicinity of a rotating aluminum wheel, i.e. a moving
conductive surface (MCS). A cross-sectional view of a 3-D FEM simula-
tion in (b) illustrates the induced eddy currents. (c) Shows a side view
of the system, illustrating the air gap (g) and the PM height (hm). The
built-up Lorentz forces in the MCS are depicted for two different KEH
positions in (c) and (d) with black arrows as a result of a 3-D FEM
simulation.

different rotational positions of the KEH. A difference in speeds of the
magnets and the MCS leads to induced eddy currents and consequently,
build-up of the Lorentz force.
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Unlike in the case of wound or cage rotors of conventional induction
machines, separate guides for flux and current (i.e. teeth made of
magnetic steel and copper or aluminum conductors in slots therein) do
not exist in the utilized setup. In Fig. 4.1b, a cross-sectional view of PM
flux and currents induced in the MCS is depicted. It can be seen that
currents are mainly induced in a skin depth in the millimeter range.

4.2 Realized KEH and Effects of Steel MCS

In order to achieve a higher power density of the KEH, the circular
magnets of the illustrative example (cf. Fig. 4.1) are replaced by sector-
shaped magnets in the actually realized prototype. Fig. 4.2a shows the
realized KEH facing a MCS with 450 mm diameter. Further dimensions
and specifications are given in Fig. 4.2 and Table 4.1, respectively.

Fig. 4.3 shows measurements of input and output power, characterizing
the kinetic power transfer from the MCS to the KEH. Power transfer from
an aluminum (Ac-112, Mat. No. 6082, cf. [40]) MCS can be described
well with a linear increase in torque with increasing slip between the
KEH and the MCS. This characteristic is essentially the same as the
torque-speed characteristic of a squirrel-cage induction machine in the
region above the breakdown torque.

However, in the application at hand, the EH system has to harvest power
from a steel wheel. Therefore, a second MCS made of C45E is used in
the further analysis as it is similar to the material of a freight wagon’s
wheel. Material parameters are stated above in Sec. 2.2.1, hence, it can
be expected that the power transfer is slightly different from the case
with aluminum MCS.

When loading the KEH, only discrete operating points (OPs) are appar-
ent (cf. ’x’ markers in Fig. 4.3). Each OP corresponds to a magnetization
pattern on the MCS. The pattern has an even number of poles and
is affected by the PMs of the KEH. It is retained due to the steel’s
remanence and partly residual eddy currents. The magnetic field on the
MCS was measured during the operation (at a sufficient distance from
the KEH) using a Teslameter ”Wuntronic KOSHAVA5” and results are
shown in Fig. 4.3b. The shown duration equates to one revolution of
the MCS with ω2 = 98.8 rad/s. When operating the EH with ω1 ≈ 2ω2,
four pole pairs appear on the MCS (cf. Fig. 4.3b left). With higher
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Figure 4.2: Illustration of force generation. (a) Picture of the KEH
interacting with the MCS. (b) Illustration of built up forces. When a

PM element is in position A, although a force ~f acts on it, it does not
create a torque of the KEH. When a PM is in position B, the complete
force acting on the PM generates a torque on the KEH.

speeds, a different number of pole pairs appears according to

p2 = p1 ·
⌈
ω1

ω2

⌉
. (4.2)

Concerning the modeling of a KEH with steel MCS,

• the skin depth and, hence, a desired mesh size of the MCS is by a
factor of √

µrel,C45E · κFE

κAl
≈ 10
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smaller than with an aluminum MCS and

• for an accurate FEM modeling of the system the effect of remanent
magnetism, as shown in Fig. 4.3, has to be taken into account as
well.

It should be noted that the smaller skin depth leads to an increased
required number of mesh elements in the MCS. It ranges between 102

(refined only on the surface) and 103 (refined mesh all over the wheel
body), as the surface of the MCS and a sufficiently thick layer under
the surface are desirable to have a finer mesh.

Additionally, simulating remanent magnetism is currently either not
implementable with commercially available magnetic time-transient 3-D
FEM simulation tools or it leads to unreasonably high simulation times.
As both of the aforementioned points lead to an unreasonably high
computational effort, an analytical model, which describes the elec-
tromechanical power transfer based on an analytic analysis, is described
in the following.

Table 4.1: EH system specifications.
Parameter Variable Value

Magnet inner radius Rm,i 20 mm
Magnet outer radius Rm,o 38.5 mm
Radius of the MCS D2 450 mm
Magnet height hPM 9 mm
Magnetic pole pairs of KEH p1 2
PM grade N48M
PM remanence Br 1.4 T
PM permeability µPM,rel 1.05

Nominal operating point

Overlap lov 27 mm
Air gap g 10 mm
MCS rot. speed ω2 98.8 rad/s
MCS surface speed v2 22.2 m/s = 80 km/h
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Figure 4.3: (a) Harvested torque T1 and input torque T2 over a range of
values for EH rotational speed ω2. Due to partial magnetization of the
steel wheel (of the MCS), synchronous harvesting modes are apparent.
(b) Shows the measured remanent magnetization on the circumferential
surface of the C45E steel wheel. The shown duration in time equates to
one revolution of the steel wheel.

4.3 Analytical Model for Power Transfer

For an infinitesimal intersection area (cf. Fig. 4.2b), the built-up force
on the MCS shall be assumed to be in-line and proportional to the speed
difference of PM and the MCS

− ~f = kF · (~v1 − ~v2) , (4.3)
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where ~v1 and ~v2 are the speeds of the PM and MCS with respect to a
stationary observer. The scaling parameter kF depends on the geometry
and positioning of the PM, as well as on material parameters. The
force that is built up on the PM (while passing over the MCS) can

also be calculated from (4.3) as it is the reaction force ~f , pointing in
reverse direction. Forces generated at two PM positions are illustrated in
Fig. 4.2b. In position A, a force ~f is built up, but does not contribute to
the torque acting on the KEH, as it points towards the rotational center
of the KEH. On the other hand, in position B, the complete force acting
on the PM accounts for KEH torque generation. In both positions, forces
acting on the MCS generate a braking torque. According to Fig. 4.2,
the overlap lov is a key operation parameter and has to be adjusted,
such that an optimal performance is achieved.

The effect of the circumferential surface of the conductive body, which
is, as can be seen from Fig. 4.2, just in front of the disc with magnets is
neglected in (4.3). Moreover, (4.3) does not model magnetic remanence
nor does it model the distribution of magnetic fields and induced currents
as it could be obtained by solving Maxwell’s equations. Nevertheless,
as confirmed later in this work, (4.3) can accurately model the optimal
adjustment of the overlap lov and the efficiency of the electromechanical
power transfer ηKEH.

The velocity of all points on the surface of the KEH’s PMs (subscript 1)
and on the MCS (subscript 2) can be expressed as

~vi = ~ωi × ~ri, (4.4)

where ~ri are the vectors pointing from each center of rotation to a point
of interest.

A force acting on a point can be calculated from (4.3). Similarly, a
torque can be obtained. By integrating the torque contributions over
the overlapping surface, the total torque on KEH and MCS respectively
can be calculated as

~Ti =

∫∫
~ri × ~f. (4.5)

Furthermore, this calculation is conducted in a cylindrical coordinate
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system as

~Ti =

Rm,o∫

Rm,i

π+α∫

π−α

~ri × ~f · r1 dα dr, (4.6)

where the used symbols are in accordance with Fig. 4.2b.

The analytic expressions for the torque on the KEH

T1 = −k
6
·
(

3(ω1 + ω2)(R4
m,o −R4

m,i) · γ1

−2ω2

(R3
m,o −R3

m,i)

Rm,o
γ2

) (4.7)

and for the torque of the MCS,

T2 =
k

6
·
(

3(R2
m,o −R2

m,i)·
[
ω2(2l2ov +2r2

2 + 4r2Rm,o + 3R2
m,o − 4lov(r2 +Rm,o))

+ω1R
2
m,o + (ω1 + ω2) R2

m,i

]
· γ1

−2 (ω1 + 2ω2)
(R3

m,o −R3
m,i)

Rm,o
· γ2

)
(4.8)

γ1 = Cos−1

[
2(r2 +Rm,o)(Rm,o − lov) + l2ov

2Rm,o(r2 +Rm,o − lov)

]
(4.9a)

γ2 =
√
lov(2r2 − lov)(2Rm,o − lov)(2(r2 +Rm,o)− lov), (4.9b)

as functions of geometric parameters (the overlap lov and rotational
speeds ω1 and ω2) can be obtained by integrating (4.6) in the given
boundaries.

The power PKEH, which is transferred from the MCS to the KEH, and
the mechanical power P2, which is supplied from an actuator that spins

71



Chapter 4. Improved Kinetic Energy Harvester (KEH) for Large Air
Gap Width

the MCS (not shown in previous figures), can be calculated as

PKEH = T1 · ω1, (4.10a)

P2 = T2 · ω2, (4.10b)

ηKEH =
PKEH

P2
. (4.10c)

Since the EH system comprises the KEH, generator and an active
rectification stage, measurements of the overall system are conducted
and shown later in Sec. 7.3. The measurements provided in Fig. 7.11
verify the analytic model.

4.4 System Startup and Cogging Torque

The axial-flux arrangement of the PMs increases the magnetic coupling
between the KEH and the MCS, compared to the radial-flux setup of
Ch. 3. On the other hand, this increased coupling also results in an
increased cogging torque (CT) acting on the KEH, when a MCS made
of ferromagnetic material, e.g. steel, is considered. The eddy current
coupling needs to build up a high torque in order to initiate the KEH
motion and the harvesting of electrical energy. In other words, the
startup of the system is only possible at impractically high MCS speeds,
when the eddy current coupling torque is larger than the peak value of
the CT.

Fig. 4.4 depicts the setup for measuring the KEH CT, and Fig. 4.5
shows the measurement results for different air gaps. A high precision
rotational torque sensor with a measurement range of ±200 mNm and
an accuracy of ±0.2 mNm was utilized.

Fig. 4.6 shows measurement values for the harvested mechanical power
at different air gap values. The C45E MCS is used and other parameters
are as given in Table 4.1. It can be noticed that the CT is roughly
proportional to g−2

KEH, while the harvested power is proportional to
g−3

KEH.
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Figure 4.4: In this setup, the CT of the KEH, which is facing the MCS,
is measured. As shown in the photograph, the PMs of the KEH rotate
to a position, such that the magnetic energy in the air gap between
KEH and MCS is minimized.
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observed.
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Figure 4.6: Measurements of harvested power from a C45E MCS with
450 mm diameter and a tip speed of v2 = 22.2 m/s showing the air gap
influence. As the magnetic coupling decreases with larger air gaps gKEH;
accordingly, a reduction in output power can be observed.

4.4.1 System Startup

It has to be noted that the CT and startup issues are not existing in an
application with a non-ferromagnetic MCS (e.g. aluminum MCS) or a
coaxial arrangement of KEH and MCS. On the other hand, the MCS
in the considered application is ferromagnetic like the freight wagon’s
wheel. Therefore, the resulting challenge of the startup in the latter
case is addressed in Ch. 5 with utilizing an optimized generator.
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4.5 Summary

An improved Kinetic Energy Harvester (KEH), which is inspired by a
coaxial eddy current coupling and suitable for energy transfer across a
large air gap (10 mm) is introduced in this chapter. It is characterized
by a sector-shaped interaction area of PM wheel and MCS and therefore,
an increased magnetic coupling. A prototype system with a radius of
38.5 mm can harvest a mechanical power (bearing losses compensated)
of 14 W from a C45E MCS with 22.2 m/s surface speed. An analytic
model for the power transfer and its efficiency is derived.

Further, a significant cogging torque (CT) of the system in operation
with a steel MCS is identified, which could increase the system’s startup
speed to impractically high values without a compensation method.
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5
Generator and Cogging Torque

Shape Optimization

In addition to the introduced KEH, which harvests kinetic energy,
a generator is finally required to provide electric energy, i.e. the

harvested kinetic energy has to be converted into electric energy in a
generator. In order to achieve a compact EH unit, the KEH’s generator
is integrated as an outrunner in the pot-shaped KEH rotor (cf. Fig. 5.1).

In contrast to widely applied cogging torque (CT) or detent torque
optimization methods, where well-known concepts for achieving a low-
ripple torque such as a stator and/or a rotor skewing are applied, this
chapter proposes an approach for shaping the stator geometry of a
PM synchronous machine (PMSM), such that an arbitrary CT pattern
can be obtained. This is achieved by an iterative algorithm, which
adds sinusoidal air-gap-modulation components on an initial machine
geometry. The CT profile is calculated using 2-D FEM simulations
and iterations are repeated until the desired CT pattern is achieved.
Finally, the purpose is to compensate the CT of the KEH with a CT of
an optimized PMSM in order to achieve a lower startup speed of the
system.

5.1 Cogging Torque Optimization

One can grasp the importance of CT, detent torque and torque ripple
optimization by exploring the vast amount of literature published on
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Figure 5.1: Illustration of the EH system. The generator, which exhibits
an optimized CT pattern, is integrated into a pot-shaped rotor.

this topic. Most publications discussing this issue are on PMSMs and
brushless DC (BLDC) machines. PM width [69] and shape [70–73]
are commonly used parameters for CT optimization. Electric machine
designs that adapt the teeth/slot shape and width [74, 75], inserting
dummy slots [76] as well as introducing compensation windings [77] are
also discussed in the literature. Increasing the number of a machine’s
phases in order to form a multiphase machine is also a commonly utilized
concept for reducing the torque ripple [78]. An additional degree of
freedom is the skewing of the stator [79] and/or of the rotor [80–84].
The motivation behind CT optimization is usually the goal of reducing
noise and vibrations [85,86] due to minimizing the CT to a value close
to zero for the whole rotational period.

On the other hand, methods for optimizing the CT towards a non-
vanishing shape as shown for stepping motors [87] and DC machines
in certain position-holding applications [88] are not as well established
in the literature. Both of above applications rely on the existence of a
detent/holding torque, for achieving the angular positioning of the rotor
without dissipating any power in the machine windings.
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Moreover, application-specific electric machines may also profit from a
non-vanishing CT. For instance, generators that are directly coupled
to a prime mover or machines directly coupled to a piston compressor
may compensate the pulsating torque of the power source/load with
a specially shaped CT. Accordingly, in such specific applications, the
overall system performance could be improved with a specially shaped
CT compared to targeting the pure minimization of CT in the individual
electric machine.

Obviously, the KEH is a particular example of such a system, where an
application-specific electric machine is directly coupled to a torque/me-
chanical power source.

The KEH can harvest energy from an MCS made of a non-ferromagentic
material such as aluminum or, as in the target application on a freight
wagon, from a MCS made of steel. However, due to the non-coaxial
arrangement, the latter case results in a large CT Tcog,harv, which limits
the KEH’s usability as detailed in Sec. 4.4.

For this, application-specific highly relevant case, a compensation can
be achieved when the generator features a CT Tcog,gen with the same
amplitude but opposite sign for all angular rotor positions θ

Tcog,gen(θ) + Tcog,harv(θ)
!
= 0

⇒Tcog,gen(θ) = −Tcog,harv(θ) .
(5.1)

In addition to the passive torque-ripple-minimization methods based
on geometric modifications, current profiling has also been proposed in
the literature as active method for the same effect [89–97]. Methods
for directly controlling the torque, as proposed for e.g. reluctance
machines [98] or induction machines [99], could also be extended towards
compensating an external torque. In principle, these methods would be
applicable to EH discussed here too. The generator could operate in
motor mode at the system’s startup in order to overcome the KEH CT
and to provide the initial motion. However, this would mean that the
EH system has to be powered up by an energy storage. Therefore, this
idea is not considered further as it broadly limits the applicability of
the EH system.

Hence, an algorithm that is capable of shaping an electric machine’s
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CT towards a desired pattern is presented in the following. Moreover,
the hardware implementation of such an optimized machine is detailed.
Furthermore, measurement results verify the capability of the presented
approach.

The concept of air gap modulation for modifying the CT is analyzed in
Sec. 5.2.1. Then, Sec. 5.2.2 details the numeric optimization algorithm.
Additionally, in Sec. 5.3, the proposed method is applied not only for
achieving a desired CT profile, but also extended towards the design of a
cogging-free machine design. Simulation results, as well as experimental
results from a hardware prototype, are given in Sec. 5.3, and the clear
benefit of the presented method in terms of lowering the startup speed of
the EH system is shown. Finally, Sec. 5.4 summarizes the main results
of this chapter.

5.1.1 KEH with Integrated Outrunner Generator

Since the KEH, which harvests kinetic power from the MCS, has a
disk-shaped geometry, a favorable mechanical design is accomplished if
the generator is implemented as an outrunner in a pot-shaped extension
of the KEH (cf. Fig. 5.1 and Fig. 5.2).

The axially magnetized KEH PMs and the radially magnetized generator
PMs are mounted on a pot-shaped steel rotor. Different sets of PMs
are used for the KEH and the generator, as this conveniently allows the
decoupling of both magnetic designs. The rotor forms a magnetic yoke
for all placed PMs and is machined out of a solid steel (S235) block.
The stator, on the other hand, is made of laminated electrical steel
M235-35A. As expressed in (5.1), the generator will be optimized such
that its CT compensates the CT of the KEH (cf. Fig. 4.5).

The coils of the three-phase stator with concentrated windings are wound
on 3-D printed coil formers and placed on the stator’s teeth.

5.2 Optimization Procedure

In order to facilitate the understanding of the CT optimization algorithm
shown in Sec. 5.2.2, initially, the flux modulator depicted in Fig. 5.3
is considered. In order to compensate the CT of the KEH, a flux
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Figure 5.2: Cross-section of the KEH, showing the compact arrange-
ment of the KEH with integrated generator and the actual geometric
dimensions of the hardware prototype (all dimensions in mm).

modulator with a CT of the same mechanical period (90o) could be
utilized. Originating from a symmetry analysis, the flux modulator must
show the same number of magnets (nPM = 4) as the KEH.

5.2.1 Cogging Torque of a Flux Modulator

Henceforth, for the flux modulator an air gap g(α) and a PM remanent
flux density Brem,r(α, θ) in the form of

g(α) = g0 · (1 +mc,1 cos(4α)) (5.2a)

Brem,r(α, θ) = Brem cos(2 (α− θ)) (5.2b)

are assumed, where α is the geometric angle in the stator coordinate
system.
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By applying Ampere’s law

∮

S

~B

µ
~ds =

∫

A

~j ~dA , (5.3)

on an arbitrary integration path including the stator, air gap, PMs and
the rotor (one such path is indicated in Fig. 5.3), and by assuming
µFe →∞, µPM = µ0, the radial component of the air gap flux density
can be calculated as

Br(α, θ) =
Brem,r(α, θ)
g(α)/hm + 1

. (5.4)

The total magnetic energy, which is only stored in the air gap and PMs,
can then be calculated as

Wm(θ) = ly

2π∫

0

B2
r (α, θ)

2µ0
· (hm + g(α)) · (d1/2− g(α)/2)︸ ︷︷ ︸

r(α)

dα , (5.5)

where ly is the axial length and hm is the radial magnet height.

Finally, the CT acting on the rotor can be obtained as derivative of the
stored magnetic energy Wm(θ) with respect to the angular position of
the rotor θ,

Tcog(θ) = −∂Wm(θ)

∂θ
= ks,1 sin(4 θ) , (5.6)

where ks,1 can be expressed as

ks,1 =ly π B
2
r h

2
m (d1 + hm)·

g0 (γ +mc,1 − 1)− hm (1− γ)

µ0mc,1 g0(g0 (1−mc,1) + hm)
,

(5.7)

with

γ =

√
1− 2mc,1

1 +mc,1 + hm/g0
.

Naturally, the air gap modulation can be extended by including addi-
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Figure 5.3: Illustration of a flux modulator. Sinusoidal modulation of
the air gap g(α) and magnetization Brem,r(α) are employed for shaping
the CT towards the desired pattern.

tional terms

g(α) = g0 · (1 +

n∑

i=1

mc,i cos(4 i α) +ms,i sin(4 i α)), (5.8)

which will be the basis for geometry optimization in the following section.
Accordingly, the CT is represented in the following as

Tcog(θ) =

n∑

i=1

ks,i sin(4 i θ) + kc,i cos(4 i θ) . (5.9)

Furthermore, the modulation parameters mc,i, ms,i and the resulting
harmonic components ks,i, kc,i in the CT, which are obtained by a
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Figure 5.4: Optimization algorithm flowchart. Starting from an initial
geometry, the design is iterated by means of adapting the air-gap-
modulation parameter vector m, such that the optimization goal of
kres < ε = 5 mNm is achieved.

Fourier decomposition, are conveniently expressed as

m =
[
mc,1 ms,1 . . . mc,n ms,n

]T
(5.10)

and
k =

[
ks,i kc,i . . . ks,m kc,m

]T
. (5.11)

As shown by the above analytical derivation, the air gap modulation is
an adequate tool for shaping the CT towards a desired shape [100]. Since
stators of electric machines are typically made of laminated electrical
steel and the individual steel sheets are either laser cut (in a prototyping
stage) or punched (in mass production), the optimized stator shape does
not create a significant additional production effort.
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5.2.2 Optimization Algorithm

The optimization is initialized with a design based on the findings
obtained in the analysis of the generic flux modulator, which is depicted
in Fig. 5.5a and parameterized in Table 5.1. Following design choices
were made prior to the presented optimization:

• For the practical realization, the stator teeth should be shaped
straight, such that a coil former can be used to pre-confection the
windings of the teeth.

• The analysis of Sec. 5.2.1 requires sinusoidal PM remanent flux
density; this was approximated with a gap between two PMs
βPMgap = 50o and constant remanent flux density therein. Conse-
quently, higher utilization of magnet material is achieved.

The flowchart describing the CT shaping optimization algorithm is given
in Fig. 5.4. After the initialization with a start geometry (cf. Fig. 5.5a),
the CT Tcog,gen is computed with 2-D FEM simulations as a function of
the rotational position θ.

Similarly, the CT target T ∗cog, which is −Tcog,harv in the presented
application (cf. (5.1)) can be decomposed and expressed in terms of a
vector k∗. Conveniently, the difference (residual) between the CT at the
current iteration step and the CT target can be written as

kres = k∗ − ki . (5.12)

The utilized algorithm iterates the geometry and is terminated when the
residual is sufficiently small, norm(kres) < ε, as a complete vanishing
cannot be reached due to the numerical nature of the simulations. In the
following optimization procedure, ε = 5 mNm (< 5% of the CT target)
is selected as it leads to a sufficient reduction of the total CT.

The update of geometry parameters is a multi-dimensional Secant
Method, which is related to the multi-dimensional Newton-Raphson
Method [101], but utilizes the secant as an approximation for the Jaco-
bian matrix,

∂k

∂m
≈ J̃ =




∆ks,1
∆mc,1

· · · ∆ks,1
∆ms,n

...
. . .

...
∆kc,m
∆mc,1

· · · kc,m
ms,n


 , (5.13)
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5.2. Optimization Procedure

Table 5.1: Parameters used for the 2-D FEM simulations of the generator.
Parameter Variable Value

Generator bore diameter d1 70 mm
PM height hPM 3.5 mm
2-D rotor diametera drot,Aeq 120 mm
Actual rotor diameter drot 77 mm
Stator material M235-35A
Stator rel. permeability µsat,rel 1000
Rotor rel. permeability µrot,rel 700
Stator width ly 12 mm
Number of pole pairs p 2
Number of phases m 3
Nominal air gap g0 2.5 mm
PM grade N48M
PM remanent flux density Brem 1.4 T
PM rel. permeability µPM,rel 1.05
Stator tooth width wFE 22 mm
Coil cross-section Acoil 76 mm2

a Used to represent the actually pot-shaped rotor flux path in 2-D
simulation.

for finding the root (zero) of the error function (kres here) [102]. For
obtaining e.g. the first column in J̃, the parameter mc,1 is perturbed and
a simulation is conducted. The difference in terms of CT decomposition
k yields the values for the first column. This procedure is conducted for
all elements of the geometry parameter vector, such that J̃ can be filled.

Then, the geometry parameter m is updated such that the torque
residual krem is reduced,

mi+1 = mi − ddamping J̃
+ kres . (5.14)

The pseudoinverse of the approximated Jacobian matrix,

J̃+ :=
(
J̃TJ̃

)−1

J̃T ,

is used for the update step since the existence of J̃−1 cannot be guar-
anteed. Due to the strong nonlinearity of the optimization problem, a
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damping factor ddamping is applied in the update step; ddamping = 0.2
showed good convergence.

5.3 Results of the Generator Optimization

In the following, the simulation results and experimental results of the
introduced stator optimization algorithm, and its implications for the
KEH system are provided.

5.3.1 Simulation Results

CT optimization is conducted for the presented three-phase outrunner
generator with the initial geometry of Fig. 5.5a. For the application
example, the goal of shaping the CT is to reduce the startup speed of the
presented KEH. As Fig. 4.5 shows, the KEH CT cannot be compensated
for all operating points (OPs), since it varies over the air gap. Therefore,
the optimization goal is to achieve a sinusoidal generator CT with an
amplitude of 100 mNm.

After a first, coarse optimization, the geometry obtained by 2-D sim-
ulation was analyzed in a 3-D simulation as it was expected that a
2-D FEM simulation overestimates the CT amplitude (cf. CT results
in Fig. 5.8). This is due to the aspect ratio of the generator as the
rather short axial length (12 mm) compared to the diameter (70 mm)
can lead to an axial fringing field. Namely, the magnetic flux density in
the air gap is smaller towards the axial ends of the machine, compared
to a symmetry plane in the axial middle. Accordingly, simulations
showed that the CT amplitude obtained by 3-D FEM is only 70%
of the value predicted by 2-D FEM. However, the shape of the CT
curve remains almost identical. Therefore, and due to the fact that
3-D simulations turned out to be computationally too expensive for
CT optimizations, the target amplitude for the 2-D optimization was
increased to T̂ ∗ = 100 mNm/0.7 = 143 mNm.

Moreover, an optimization for vanishing CT was conducted, whose sole
purpose was to demonstrate the capability of the presented algorithm
further. The initial geometry (cf. Fig. 5.5a) remains the same, but the

CT target is set to zero T̂ ∗ = 0 mNm.
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Figure 5.6: CT waveforms prior and after the conducted optimization
obtained by 2-D FEM simulation. The curve titled ”Initialization Design”
is the CT of Fig. 5.5a and shows the CT prior to optimization, curve
”Min. Cogging Design” shows the CT of Fig. 5.5d and Fig. 5.5e. The
curve ”Sin. CT Design” shows the optimization result for the application
with the KEH and as targeted a sinusoidal CT shape; the geometry is
depicted in Fig. 5.5b.

Table 5.2: Air-gap-modulation parameters.
Variable Init. Val. Sin. CT Pattern Min. CT

mc,1 0 0.1884 0.0063
ms,1 0 0.0456 0.0003
mc,2 0 0.0100 0.0162
ms,2 0 0.0028 0.0055
mc,3 0 −0.2305 -0.2272
ms,3 0 0.0032 0.0021
mc,4 0 0.0011 -0.0110
ms,4 0 0.0033 0.0031
mc,5 0 −0.0072 0.1169
ms,5 0 0.0129 0.0491
mc,6 0 −0.0640 -0.0599
mm,6 0 0.0042 0.0036
mi>6 0 0 0
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Figure 5.7: Map of peak flux density in the stator obtained by 2-D FEM
simulation and utilized to compute the stator iron losses.

Fig. 5.5b shows the obtained geometry with T̂ ∗ = 143 mNm, together
with a photograph of the hardware realization in Fig. 5.5c. Fig. 5.5d
shows the stator mounted on a base plate with windings. Fig. 5.5e shows
the optimized geometry for minimal CT. Furthermore, the geometry
parameter vector m for the optimized geometries is given in Table 5.2.

CT simulation results for the initial geometry and the two optimized
geometries are depicted in Fig. 5.6. It clearly shows that the conducted
approach is capable of optimizing the CT towards a special shape as
desired for the application example of the KEH. Moreover, the applied
technique can be utilized for eliminating the CT of axially short electric
machines (e.g. in direct drive systems), where skewing is not feasible.

Furthermore, simulation results concerning the stator iron losses shall
be briefly discussed as a non-uniform air gap might lead to partially
increased flux density. Iron losses PFe in laminated iron are due to
hysteresis losses and eddy current losses as discussed (and separated)
in [103]. However, for this analysis, the iron losses are calculated based
on the Steinmetz equation for the material M235-35A (cf. EN 10106;
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with 0.35 mm lamination thickness), as

PFe =
ly

1 m

∫

Astat.

46
W

m3

(
fel

1 Hz

)1.3(
Bpk(A)

1 T

)1.9

dA, (5.15)

where the peak flux density Bpk of every point in the stator during one
electrical period is extracted from 2-D FEM simulations. A map of peak
flux density for the optimized generator with sinusoidally shaped CT is
shown in Fig. 5.7 and one can see that partial saturation occurs only on
the edges of the stator. Finally, for the nominal OP, listed in Table 5.3,
total stator iron losses of Pstator,FE = 0.1 W were calculated, showing
that the presented approach is not particularly prone to unjustifiably
high stator iron losses.

5.3.2 Cogging Torque Measurement & KEH Startup
Speed

The optimized, laminated stator according to Fig. 5.5c and Fig. 5.5d
was built and assembled with the phase windings, which were pre-
manufactured on 3-D printed coil formers with 0.8 mm wall thickness.
CT measurements and FEM simulation results of the CT optimization
are shown in Fig. 5.8a. As previously discussed, the 2-D simulation
overestimates the CT by 30% (which was already included in the opti-
mization target). On the other hand, the 3-D FEM simulation predicts
the measurements with high accuracy. Therefore, it can be concluded
that the presented concept is not particularly prone to manufacturing
tolerances on the stator as well as on the magnets. A comparison of
the finally measured generator CT, together with the measurements of
KEH CT is shown in Fig. 5.8b.

The KEH and the optimized generator were assembled and aligned
in an angle such that CT curves of the KEH Tcog,KEH and of the
generator Tcog,Gen compensate each other (cf. Fig. 5.8b), which results
in a highly reduced overall CT of the system. The main benefit of the
conducted approach for the application example with the KEH can be
found in Fig. 5.9. Clearly, the goal of reducing the harvester’s startup
speed is achieved. For smaller air gaps (8 mm), the KEH CT is under-
compensated, while for larger air gaps (12 mm) the KEH CT is more
than compensated. In addition, for an air gap of 13 mm and larger, the
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Figure 5.8: Generator CT measurement and FEM simulation results.
3-D FEM simulations are agreeing well with measurements, while 2-D
FEM simulations overestimate the torque due to the fringing field of
this axially short (12 mm) machine compared to the diameter (70 mm).
The torque shape remains identical, which still justifies utilizing 2-D
FEM for CT shape optimization. (b) Plot of measured CT of the KEH
using three different air gap widths and measured CT of the generator.

CT imposed by the generator has a negative effect on the startup speed.
However, this is not of practical relevance for the presented harvester as
also the output power vanishes (cf. Fig. 4.6). As previously discussed, it
is not possible to compensate the KEH CT for the whole air gap range of
8...12 mm, where the harvester is intended to be used, however, for the
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Figure 5.9: Measurement results of system startup speed without com-
pensation (KEH only) and with the proposed CT compensation due to
the specially shaped stator of the generator.

specified range a significant reduction of the startup speed is achieved.
It should be remarked that no direct measurement of the remaining CT
is possible as harvester and generator form a compact unit without an
accessible shaft.

Overall, measurements in Fig. 5.9 show that the introduced principle
of CT compensation (cf. (5.1)) and the applied stator-geometry op-
timization algorithm (cf. Sec. 5.2.2) for a desired CT shape lead to
successful results in the described application. In contrast to the CT
shaping methods presented in the literature, the described approach
allows to optimize the CT of an electric machine towards any shape in
an iterative manner.

5.3.3 Generator Performance

The electrical performance of the generator, whose CT is optimized in
Sec. 5.3.1, concludes the analysis conducted in this chapter and will be
discussed briefly in the following.

The electrical characteristics of the generator and its performance figures
for the KEH MPP at gKEH = 8 mm are shown. Electrical output power
measurements are plotted in Fig. 5.10 and are proving the harvesting
capabilities, Pout > 12 W of the harvester unit. For the presented
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22.2 m/s. The generator was loaded with a three-phase resistor and
measurements are for the MPP of the system.
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Figure 5.11: Back EMF measurement of the generator for ωKEH =
250 rad/s rotational frequency.

measurement, the generator was loaded with a three-phase resistor,
whose resistance was decreased until the MPP was found. The output
power measurement indicates an acceptably small power ripple of < 8%
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Figure 5.12: Losses in bearings, obtained by measurements with the
precision torque sensor. Additionally, the torque supplied by the KEH
and the MPP are shown.

(peak-peak). The back EMF measurement in Fig. 5.11 show that the
air gap modulation causes certain -but acceptable- asymmetry, given
the well-increased utility in the described application. Moreover, copper
losses were calculated as Pcu = 1.8 W for this OP.

In a further investigation, losses in the bearings were analyzed. Mea-
surements of the bearing friction torque, which were conducted with a
high precision torque sensor, are depicted in Fig. 5.12. Indeed, it was
concluded that the bearing losses in the MPP, Pbearing = 2.8 W, are
a significant loss component. The bearing losses could potentially be
decreased with smaller bearings in the considered system. Furthermore,
rotor eddy current losses were estimated as Prot > 1 W with the ro-
tor, currently made of solid S235 construction steel. Laminating the
pot-shaped rotor clearly reduces this loss component. Both proposed
improvements are implemented in the final prototype as shown in Ch. 7.
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Table 5.3: Generator characteristics.
Parameter Variable Value

Nominal torque Tn 100 mNm
Nominal speed nn 1764 rpm
Nominal mechanical power Pmech 18 W
No. of pole pairs p 2
Coil cross-section Acoil 76 mm2

Number of turns N 87
Achieved copper filling factor kcu 0.48

Stator iron losses PFe 0.1 W
Copper losses PCu 1.8 W

5.4 Summary

This chapter describes a method for optimizing the cogging torque (CT)
of a permanent magnet synchronous machine (PMSM) towards a desired
shape. In the given application example, the described algorithm is
applied to a PM outrunner generator, which is integrated with the KEH
in a compact unit. The generator’s CT is shaped such that the naturally
present CT of the KEH is highly reduced in the desired operating range
(gKEH = 8...12 mm). This leads to the, otherwise not achievable, starting
capability of the EH unit at low speeds as verified with measurements.

The CT simulations for the optimization are conducted with 2-D FEM
and a harmonic decomposition, similar to a Fourier decomposition, is
computed. A presented algorithm, whose influence on the machine
geometry is a vector of air-gap-modulation parameters, optimizes the
machine’s geometry until the desired CT shape is achieved. In contrast to
the CT minimization methods presented in the literature, the described
approach allows optimizing the CT of an electric machine towards any
shape in an iterative manner.

Besides the presented design for the application example, which shows
a sinusoidal CT of rather large magnitude (100 mNm), a further design
example is presented, where the algorithm is utilized for an optimization
aiming for vanishing CT. This clearly shows that the conducted approach
is valuable for CT optimizations for a variety of applications. It provides
a method for compensating an externally triggered undesired torque

96



5.4. Summary

or power ripple (e.g. originating from a prime mover or a mechanical
load system: generators, which are directly coupled to a prime mover or
machines directly coupled to a piston compressor) by specially shaping
the CT, which is conducted in the considered application example.
Further, it can be utilized to eliminate the CT of axially short electric
machines (e.g. in direct drive systems), where skewing is not feasible.
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6
Impact of Iron Dust on

Electromechanical Systems and the
KEH

Several actuators (e.g. permanent magnet (PM) machines, magnet
valves), sensors (e.g. reed sensors, Hall sensors, inductive proximity

switches) and emerging inductive EH systems rely on clean environment
and/or well-defined magnetic conditions. However, in industrial environ-
ments, iron dust or iron powder may be present, as e.g. resulting from
machining, i.e. drilling or milling of mechanical parts or from mechanical
wear, and could accumulate in the vicinity of magnetic components. In
case of the KEH in the freight train application, it would mean that
iron dust, generated by wear out of the train wheels and the rails, could
accumulate in front of the KEH.

Accordingly, a model for describing the magnetostatic properties of
iron dust is required for analyzing a potentially negative impact on the
operating behavior. The model derived in the following is based on the
B-H curve of an underlying base material (C45E steel in the presented
case) and two further coefficients, representing the influence of powder
density and the imperfect magnetic junction at the interfaces between
iron particles. The model is then utilized for investigating the influence
of iron dust on the operation of the KEH. Three-dimensional finite
element method (3-D FEM) simulations show that in this case the flux
is actually enhanced by iron dust accumulated in front of the harvester.
The chapter concludes with an experimental verification of the iron

99



Chapter 6. Impact of Iron Dust on Electromechanical Systems and the
KEH

Kinetic Energy
Harvester (KEH)

Rotating Wheel / Moving
Conductive Secondary (MCS)

Torque
Sensor

Generator

Stationary
PMMA

Cover

Figure 6.1: KEH test setup with a torque sensor, a generator, and a
PMMA cover, which encapsulates the system.

dust B-H model and an experimental analysis of the KEH performance
degradation due to iron dust.

6.1 Scope of the Analysis

As mentioned, in industrial environments, iron dust or iron powder may
be present, as a by-product of machining (e.g. drilling or milling) of
mechanical parts or resulting from mechanical wear of the train wheels
and the rails. If accumulated in critical locations, iron dust may impair
the safe operation of magnetic actuators (e.g. PM machines, induction
machines, magnet valves) or sensors (e.g. reed sensors, Hall sensors,
inductive proximity switches) that rely on a clean environment and/or
well-defined magnetic conditions. Moreover, as the operating principle of
the KEH, introduced in Ch. 4, is based on building up a strong magnetic
field, clearly, its performance could be influenced by iron dust collected
by this magnetic field.

The test setup used for measurements in this chapter is shown in Fig. 6.1.
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In addition to the setup of Fig. 4.4, a stationary Polymethylmethacrylate
(PMMA) cover is mounted and the impact of an accumulated iron
dust layer in front of the cover is investigated. Principally, iron dust,
which is accumulated from the environment, could potentially short
circuit magnetic field lines from the PMs of the harvester to the MCS.
Accordingly, a change in the KEH’s performance has to be investigated.

In Sec. 6.2, a magnetostatic model of iron dust/iron powder is de-
rived and verified with magnetic measurements on an iron dust sample.
Sec. 6.3 estimates the maximum iron dust layer thickness, which would
accumulate on the KEH cover considering the force equilibrium on a
bulk of dust. Sec. 6.4 analyzes the actual KEH air gap flux change
under the presence of iron dust with three-dimensional finite element
method (3-D FEM) simulations. Finally, measurements of the built up
iron dust layer thickness and measurements on the KEH performance
degradation due to iron dust in Sec. 6.5 verify the provided models.
Sec. 6.6 concludes this chapter.

6.2 Magnetostatic Modeling of Iron Dust

Firstly, a representative magnetic model for iron dust shall be derived
in order to employ it for evaluating the influence of iron dust on the
KEH’s operation. It should be stated that the model derived in the
following might also be applied for iron powder (higher density, non-
oxidized grains) under some limitations. Fig. 6.2a depicts the assumed
properties of the iron dust qualitatively. The magnetic reluctance of
the interior of a grain and the oxide layer are indicated with Rm,Fe

and Rm,Ox respectively. A certain low-permeable layer (oxide layer) is
assumed on the grains’ surfaces, which can be found on probes of iron
dust accumulated in industrial environments due to oxidation. Moreover,
the introduced reluctance Rm,Ox also represents the obviously imperfect
magnetic junction at the boundaries between iron particles due to oxide
and geometry mismatch in the model formulation. Even if the grains
of iron dust are densely packed, the filling factor is lower than unity.
Similarly, the effective iron cross-section is reduced and a flux path in
the remaining air is present. This effect is represented by Rm,Air in
parallel to the main flux path.

In order to describe the magnetic properties of iron dust, which is
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Oxide Layer

Rm,Fe

Rm,Air

Rm,Ox Rm,Fe
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Particle

⇒
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}
ADust = AFe + AAir

lDust
OxidedOx

Air

BFe

BAir

HDust
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AFe

AAir
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Iron
HFe

Figure 6.2: (a) Grain model of iron dust with an oxide layer, indicating
the flux paths within a dust particle (Rm,Fe), at the junction between
two particles (Rm,Ox), and a path, bypassing the dust particles (Rm,Air).
(b) Simplified equivalent model for deriving the B-H curve for iron
dust/powder.

expected to show significantly different magnetic behavior than solid
iron, a simplified B-H characteristic based on the equivalent model
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Figure 6.3: Measured hysteresis curves of C45E steel, including the
extracted initial magnetization curve. Measurements were conducted at
f = 1 Hz excitation frequency.

depicted in Fig. 6.2(b) can be employed

HDust = HFe(BFe) (1− kOx) +
BFe

µOx
kOx (6.1a)

BDust = kFe ·BFe + (1− kFe) · µ0HDust (6.1b)

kOx : =
dOx

lDust
(6.1c)

VFe

VDust
=

AFe

ADust
· lDust − dOx

lDust
=

mDust−mOx

ρFe

mDust

ρDust

(6.1d)

kFe : =
AFe

ADust
≈ ρDust

ρFe
. (6.1e)

The input parameters of this equation-based model are an underlying
iron particle B-H curve (technically, its inverse HFe(BFe)) and param-
eters for the iron dust: density ρDust, grain size lDust, effective oxide
layer thickness dOx and oxide layer permeability µOx (cf. Fig. 6.2b).
The effective oxide layer thickness dOx models the imperfect magnetic
junction at the interfaces between iron particles due to oxide and ge-
ometry mismatch between the grains, and is, therefore, larger than a
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Figure 6.4: B-H magnetization curve for carbon steel C45E and the
derived iron dust model. a Extrapolated B-H curve of an iron dust
sample with measured µ = 2µ0.

physically measurable oxide thickness on an iron particle’s surface.

In order to compute the actual iron dust B-H curve with the implicit
formulation in (6.1), BFe of the assumed raw material is swept and
HDust, BDust are obtained.

The aforementioned steel C45E is selected as the raw material of iron
dust. It could result from mechanical wear in an industrial environment,
the wear of the wheels, or wear of the rails. Its B-H curve has been
introduced in Sec. 2.2.1 and it is again depicted, including the extracted
initial magnetization curve and for a wider range in magnetic field
strength H, in Fig. 6.3. In Fig. 6.4, two B-H curves of iron dust with
the therein-specified parameters are shown.

The parameters kOx and kFe for the first sample of iron dust, denoted as
iron dust 1 in the following, were selected such that they agree with the
density measurement ρDust = 1.9 kg/dm3 and hysteresis measurements
of an iron dust sample, depicted in Fig. 6.5. For measuring the B-H
curve of iron dust, a setup as illustrated in Fig. 6.6 was built. The 3-D
printed, hollow core body was filled with an iron dust sample through
the filling opening without external compression. Afterward, the filling
opening was closed with a Polyethylene Terephthalate (PET) electrical
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Figure 6.5: Measured (on the ring specimen of Fig. 6.6) hysteresis curves
of an iron dust sample at f = 50 Hz excitation frequency.

insulation tape with 60µm thickness; a sensing coil with N2 = 400 turns
and d2 = 0.315 mm diameter and an excitation coil with a rectangular
cross-section of 0.8 mm× 2 mm and N1 = 226 were wound around the
closed and filled core body. The iron dust sample at hand was obtained
by letting commercially available steel powder [104] with specified grain
size in the range of 150µm ≤ lDust ≤ 212µm corrode in a moisture
environment for 48 hours, as it could occur in the targeted environment
of the KEH system at hand.

On the other hand, the parameters for another sample of iron dust,
iron dust 2, were selected to illustrate the B-H curve of compressed iron
dust or iron powder as it could occur in other applications.

It can be found that the density of iron dust affects its saturation flux
density and the assumed oxide thickness affects the permeability before
saturation. The parameters of iron dust 1 according to Fig. 6.4 are used
for the following considerations.
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0.8

⌀100

3-D Printed
Core Body

Filling Opening

Excitaion Coil 
N1 = 226

Sensing Coil 
N2 = 400

Iron Dust
Sample

Figure 6.6: Setup for measuring the B-H curve of iron dust. The iron
dust sample is manually inserted in a 3-D printed, hollow core body
through the filling opening without external compression. The filling
opening is closed with a PET electrical insulation tape with 60µm
thickness; the sensing coil and the excitation coil are wound around the
closed and filled core body.

6.3 Iron Dust Layer Thickness

Generally, it is of interest how iron dust influences the operation of
magnetic sensors, actuators, and in the case at hand: EH systems. In
a first step, the iron dust thickness h that accumulates in front of the
KEH is studied in this section. This information is used later for further
3-D FEM simulations, which will detail the implications of iron dust for
the KEH. Fig. 6.7 illustrates the test setup with an accumulated iron
dust layer of thickness h in front of the KEH PMs.

In an initial experiment, it was observed that dust indeed stays on the
KEH cover (cf. Fig. 6.7) and rotates approximately with the same speed
as the KEH (ω1), when the system is in operation.
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Iron dust gets attached and stays (or rotates with the KEH) as a layer
on the KEH cover’s surface due to an attracting Maxwell force normal
to the PMs and the KEH cover (normal force FN), which is built up
because of the PMs’ field and the permeability of iron dust, which is
larger than µ0. On the other hand, a gravitational force (FG) and a
centrifugal force (FC, occurring when the KEH is rotating)

FG,i = mi · g (6.2a)

FC,i = mi · ω2
1 r̄ , (6.2b)

with r̄ being the average distance to the axis of rotation, are acting on
the iron dust and are limiting its accumulation.

It has to be noted that it is not the Maxwell force (normal force: FN)
that keeps the iron dust in position, but a friction force Ffr built up by
the normal force and a friction coefficient

Ffr ≤ FN µfr , (6.3)

where the friction coefficient µfr depends on the material pairing on
the interface where it is acting. Therefore, the force equilibria on two
interfaces, as illustrated in Fig. 6.7 in detail, are analyzed:

• Dust-cover interface: It is considered that a fraction of iron dust
is sliding off the cover due to gravitational and centrifugal forces.
The apparent friction coefficient is µfr,Dust,Cover and all further
quantities are denoted with subscript S.

• Dust-dust interface: A dust particle on top of the iron dust layer
is observed1 and it is analyzed if this dust particle is sliding
off on the dust layer due to gravitational and centrifugal forces.
The apparent friction coefficient is µfr,Dust,Dust and all further
quantities are denoted with subscript P.

Combining the information stated above and normalizing the expressions
by dust fraction mass (mS) and dust particle mass (mP), inequalities
with the physical quantities of accelerations can be derived. Particularly,

1This approach could be seen as an analogy to the concept of observing a sample
charge in electric fields theory.
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6.3. Iron Dust Layer Thickness

afr,S(h)︷ ︸︸ ︷
FN,S(h) · µfr,Dust,Cover

mS(h)
≥

az(ω1)︷ ︸︸ ︷
g + ω2

1 r̄ (6.4a)

and
FN,P(h) · µfr,Dust,Dust

mP︸ ︷︷ ︸
afr,P(h)

≥ az(ω1) (6.4b)

must hold, where afr,S and afr,P are the retentive accelerations for the
case that dust is held on the cover and for the case that dust particles are
held on an existing dust layer, respectively; az is the pulling acceleration
due to gravitational and centrifugal forces. Consequently, if (6.4) holds,
an iron dust layer of thickness h stays attached.

Considering a thin built-up iron dust layer, such that {afr,S(h), afr,P(h)} <
az(ω1) of (6.4), further iron dust from the environment could be attracted
and attached. This could only be restricted by the geometric width of
the KEH air gap (cf. gKEH in Fig. 6.7). On the other hand, assuming
for the sake of contradiction that an iron dust particle gets attached to
an iron dust layer, such that afr,S(h) > az(ω1) or afr,P(h) > az(ω1), the
iron dust cannot be held by friction and certain particles of iron dust
will fall off until the equilibrium is recovered.

6.3.1 Estimation of Friction Coefficients

According to (6.4), a reasonably accurate estimation of the friction
coefficients µfr,Dust,Cover and µfr,Dust,Dust is essential for an accurate
calculation of the dust layer thickness.

The grain-to-grain friction coefficient µfr,Dust,Dust can be estimated by
optically measuring the angle of repose from piled up iron dust (dust
cone) as shown in Fig. 6.8. The angle is formed such that friction can
just hold a particle on the pile’s surface against the grade resistance and
therefore, the friction coefficient results as

µfr,Dust,Dust = tan 35o = 0.7 . (6.5)

An equivalent measurement was conducted for estimating the friction
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Angle of Repose = 35°
Iron Dust Sample

Figure 6.8: An angle of repose of 35o was measured experimentally for
an iron dust cone of iron dust 1. Accordingly, the grain-to-grain friction
coefficient can directly be estimated as µfr,Dust,Dust = tan 35o.

Table 6.1: Simulation parameters.

Parameter Variable Value

PM inner radius r1,i 17 mm
PM outer radius r1 37.5 mm
Avg. dust radius r̄ 27.25 mm
PM height hPM 10 mm
Gap: PM to MCS gKEH 10 mm
Gap: PM to cover surf. g0 3.5 mm
Number of PMs nPM 4
PM remanent flux density Br 1.4 T
Iron dust density ρDust 1.9 kg/dm3

Iron dust base material C45E
Oxide coefficient kOx 0.18
Oxide permeability µOx µ0

Cover/dust friction coef. µfr,Dust,Cover 0.15
Cover/dust friction coef. µfr,Dust,Dust tan 35o = 0.7
KEH rot. speed ω1 {0, 50, 100,

200, 400} rad/s

coefficient on the dust-cover interface. For the static case

µfr,Dust,Cover,S = tan 20o = 0.38 (6.6)
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Figure 6.9: Problem analyzed with 2-D FEM simulation. The sector
magnets are represented as linear bars denoted with N and S in order
to study the force equilibria on the dust-cover and dust-dust interfaces.

was measured. However, for the interesting case, where the KEH is
rotating with ω1 > 0 and the iron dust slides on the dust-cover interface,
the static friction coefficient does not apply. As the measurement of
the friction coefficient on the dust-cover interface under variation of the
speed difference and under various operating conditions (moisture or
oily environment) is out of the scope of the analysis at hand, henceforth,

µfr,Dust,Cover = 0.15 (6.7)

is assumed as a sliding friction coefficient on the dust-cover interface.
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Figure 6.10: Retentive accelerations afr,S,i(h) (on the dust-cover in-
terface) and afr,P,i(h) (on the dust-dust interface) as result of a 2-D
FEM simulation plotted with the pulling acceleration az(ω1). Accord-
ing to (6.4), an expected maximum dust layer thickness at standstill
(hmax,standstill) and at rotation (hmax,rot) can be determined.

6.3.2 2-D FEM Simulations & Results

In order to calculate the attracting force FN on iron dust, as depicted
in Fig. 6.9, a 2-D FEM simulation, where the PMs of the KEH disk are
represented as linear bars, is utilized. The stationary 2-D FEM analysis
considers the nonlinear magnetic property of iron dust according to the
curve specified in Fig. 6.4 and further parameters according to Table 6.1.

As depicted in Fig. 6.7, the dust-dust and dust-cover interfaces are
analyzed. For the analysis of the dust-cover interface, the iron dust is
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Rotor KEH, Axially
Magnetized PMs

Iron
Dust Layer

Rotating Wheel / MCS
Segment

Line for
Bz Analysis

Figure 6.11: Illustration of the 3-D simulation model.

modeled, as depicted in Fig. 6.9, as blocks of variable dust thickness h
(horizontal) and a width (vertical), which is equivalent to 10o of KEH
angle (cf. the fraction of iron dust layer in Fig. 6.9). The separation in
blocks of 10o allows obtaining insight into how the attracting force varies
with different positions in front of the KEH magnets. For analyzing the
dust-dust interface and hence, computing the force on a dust particle on
top of the iron dust layer, small dust particles (modeled as rectangles)
are placed on top of the iron dust layer of the 2-D FEM simulation (cf.
the fraction of iron dust particle in Fig. 6.9).

The attracting forces FN,S,i and FN,P,i, acting on the iron dust frac-
tions and the particles, respectively, are calculated numerically by the
FEM simulation software. Particularly, the Maxwell stress tensor is
integrated on the fraction’s/particle’s surface. For obtaining accurate
results with this method, a small gap of 0.2 mm is introduced between
the fractions/particles in the 2-D FEM simulation. The attracting
forces are extracted from the FEM simulation and the retentive acceler-
ations afr,S,i(h) and afr,P,i(h) according to (6.4) are calculated. Results
are plotted together with the pulling acceleration az(ω1) for a set of
KEH operating speeds ω1 ∈ {0, 50, 100, 200, 400} rad/s in Fig. 6.10.
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Figure 6.12: Flux density in axial direction Bz on the circle shown in
Fig. 6.11 for the position of one PM fully facing the MCS, showing the
increase in flux density due to an iron dust layer in the air gap.

az(ω1 = 200 rad/s) is of particular interest as it is approximately at
the KEH rotating speed at MPP operation with an MCS surface speed
of v1 = 22 m/s and the freewheeling speed of the KEH with an MCS
surface speed of v1 = 11 m/s.

As both equilibrium conditions in (6.4) must hold, it can be concluded
from the results, depicted in Fig. 6.10, that

• the force equilibrium on a dust particle at the dust-dust interface
is determining the dust layer thickness in the standstill, while

• the force equilibrium on a dust fraction at the dust-cover interface
is determining the dust layer thickness at rotating speeds ω1 >
100 rad/s.

From Fig. 6.10 it can be seen that the expected maximum dust layer
thickness on the KEH in standstill is hmax,standstill ≈ 40 mm, whereas
the expected maximum dust layer thickness at the interesting rotational
speed of ω1 = 200 rad/s is hmax,rot ≈ 3 mm.

In summary, this section shows that the geometric air gap constraint
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gKEH = 10 mm limits the dust layer thickness in standstill in the area
where KEH and MCS overlap. On the other hand, the analysis of the
friction force between dust layer and the cover during KEH rotation
predicts that a negligible dust layer (< 3 mm) remains on the KEH’s
cover, once the system is running. Measurement results that verify these
findings are presented in Sec. 6.5.

6.4 Impact on KEH Flux

In this section, it is analyzed how the flux between KEH and MCS
is influenced by iron dust in the standstill case, assuming that the
air gap is fully filled. The actual geometry (as shown in Fig. 6.7) is
simplified in the utilized 3-D FEM simulation setup (cf. Fig. 6.11),
which allows reducing numerical simulation errors and computational
time. Simulation parameters according to Table 6.1 are employed for the
simulation and the axial flux density on the circle indicated in Fig. 6.11
is calculated.

The stationary 3-D FEM simulation reveals that the flux density in the
air gap is increased by the presence of iron dust at standstill.This is
valid for a wide variety of iron dust parameters (ρDust and kOx) and
is due to the fact that the iron dust has a permeability significantly
lower than iron, but higher than air, which leads to a reduced, but not
vanishing, air gap reluctance.

Fig. 6.12 indicates that the iron dust applied for later experimental
results (iron dust 1) increases the peak flux density by ≈ 25%.

6.5 Experimental Results

Finally, measurements with the setup of Fig. 6.1 are conducted. Firstly,
the predictions of Sec. 6.3 concerning the built up dust layer thickness in
standstill and on a rotating KEH shall be verified. Iron dust is manually
applied to the KEH in standstill until the thickness of the iron dust layer
cannot be increased further and the force equilibrium on said interfaces
is established. Fig. 6.13a and Fig. 6.13b provide photographs of the
KEH setup with iron dust applied during standstill. As predicted in
Sec. 6.3.2, the air gap between KEH cover and MCS is completely filled
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Figure 6.14: Measured influence of iron dust on harvested power with
constant KEH surface speed v2 = 18.8 m/s and air gap gKEH = 10 mm.
The mechanically harvested torque T and mechanically harvested power
Pmech are measured with a precision torque sensor as depicted in Fig. 6.1.

with iron dust. Moreover, the calculated maximum built up dust height
in standstill, hmax,standstill ≈ 40 mm, agrees well with the experimental
result of Fig. 6.13b of 37 mm.

As predicted, the majority of iron dust falls off the harvester once the
MCS and the KEH are rotating (ω1 = 200 rad/s). Fig. 6.13c shows the
remaining iron dust layer after rotating the KEH with ω1 = 200 rad/s,
which is in fair agreement with the prediction of Sec. 6.3.2, i.e. hmax,rot ≈
3 mm.

Finally, EH measurements were conducted to conclude the investigation
of iron dust impact for the KEH. The measurement results in Fig. 6.14
show an only insignificant (≈ −5%) degradation of harvested power due
to iron dust.
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6.6 Summary

In this chapter, the B-H characteristic and/or the magnetostatic behavior
of iron dust is modeled. The input parameters are the B-H curve of
an underlying base material (C45E steel in the presented case) and
three further coefficients: kFe, kOx and µOx. Hysteresis measurements
of the base material (C45E) and an iron dust sample are confirming the
model. In the case at hand, the iron dust model is utilized to estimate
the influence on the operation of magnetic devices at the example of
the KEH. The predicted iron dust layer thickness was confirmed in the
experiment and finally, an only insignificant (≈ −5%) degradation of
harvested power due to iron dust was measured.

The modeling approach is of general value and it can be used for
estimating the thickness of an accumulated iron dust layer and its
implication on flux for various magnetic components such as inductive
sensors (e.g. inductive proximity switches, PMs of reed sensors) and
actuators (e.g. on the housing of PM machines or magnet valves).

In the course of further research, a detailed experimental characterization
of a variety of iron dust samples (higher density ρDust, variable grain
size) at a higher magnetic field strength (H > 200 kA/m) could be
performed using a setup in analogy to [105]. This would allow verifying
the postulated model entirely or allow refining the magnetostatic model
of iron dust.
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7
System Considerations of a KEH

System

After presenting three electrodynamic EH concepts in Ch. 2, Ch. 3,
and Ch. 4 and investigating further aspects of the system, this sec-

tion is dedicated to a description the complete EH system and to showing
its performance experimentally. Moreover, economic considerations on
installing the EH system at hand are detailed in Sec. 7.4.

7.1 Kinetic Energy Harvesting (KEH) Sys-
tem

The actual KEH system, which harvests energy from the kinetic energy
of a (steel) MCS and finally, provides a stabilized DC output voltage on
its terminals, is illustrated in Fig. 7.1. Moreover, the practical realization
is shown in Fig. 7.2. The system comprises:

• a KEH as introduced in Ch. 4 with axially magnetized PMs, which
electromechanically harvests energy from the movement of a MCS
(with a nominal surface velocity of v2 = 80 km/h) over an air gap
of g = 10 mm,

• an optimized generator of Ch. 5, which is designed as PMSM
outrunner and utilizes radially magnetized PMs in a pot-shaped
rotor, and
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• an integrated active rectifier, which rectifies the generator’s AC
voltages/currents and delivers electric power (> 5 W according to
Table 1.1) to a DC output with a nominal voltage of UDC = 24 V.

The system of Ch. 5 (cf. Fig. 5.1) has been modified such that an
active rectifier PCB can be integrated into the EH system. Additionally,
improvements on the rotor, as suggested in Sec. 5.3.3, are made in order
to lower the losses. More specifically:

• a compound arrangement of a laminated ring, which is the back
iron of the generator and a steel disc, carrying the KEH, is utilized.
The steel disc and the laminated rotor are glued together and later
dynamically balanced. Laminating the whole rotor is not feasible
due to the pot-shaped geometry and the high requirements towards
mechanical tolerances for e.g. fitting the bearings. Furthermore,

• as the operational range of the final system is better defined than
in the tests conducted earlier, smaller bearings with lower friction
losses are employed in the final prototype.

Further, the system can be encapsulated with the depicted cover (cf.
Fig. 7.1), such that it is robust against environmental impacts such as
dust.

7.2 Design of Power Electronics

After describing and optimizing the generator in Ch. 5 and presenting
measurements of the self-startup of the system at hand, the rectifier
stage is the last missing unit of the compact KEH system and should
also be integrated into the EH. Therefore, the active rectifier is realized
using a ring-shaped PCB (cf. Fig. 7.3) that allows a mounting between
the generator and the mounting plate (cf. Fig. 7.1). The pulse width
modulated (PWM) rectifier is implemented in a six-switch two-level
configuration as the schematic in Fig. 7.4 shows. Special care was
taken about utilizing low-power components for analog measurement
signal processing in the design process, therefore, an ultra-low-power
microcontroller STM32L476 is used for the digital control of the system.
Furthermore, integrated 80V GaN half-bridges TI LMG5200 are used for
each bridge leg, which further contributes to the feasibility of integrating
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Figure 7.1: EH unit showing the KEH, the integrated generator, and
the active rectifier PCB.

the rectifier into the EH unit. In total, no-load losses of 0.2 W were
measured. These include:

• the auxiliary power supply losses and losses in a conversion from
UDC = 24 V down to voltage levels that are required for signal
electronics and the microcontroller,

• losses of all signal electronics, gate drives and analog measurement
processing, including a shunt-type output current measurement,
and

• losses in the microcontroller.

The efficiency of the active rectifier, measured for typical OPs that occur
during the EH operation, is shown in Fig. 7.5. Efficiency measurements
(and all further presented electric power measurements) were conducted
with a ”YOKOGAWA WT3000” precision power analyzer.

The control of the generator was implemented in a sensor-less manner
[106] with a BLDC control scheme, which is state-of-the-art for PMSM
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Figure 7.2: Realization of the EH. (a) Disassembly of the proposed EH
system. (b) The harvester system with outer dimensions. Wires on the
right are for extracting the DC output voltage/power.

machines in the 10-W power range. Measurements of the resulting block-
shaped currents are shown in Fig. 7.6 for the nominal OP according to
Table 4.1.

The control strategy for the DC-link voltage is implemented with a
proportional controller as

iBLDC,ref = Kp · (24 V − UDC,meas) , (7.1)

where iBLDC,ref is the current reference for the BLDC current in the
generator and Kp is the proportional gain.
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Figure 7.3: PWM rectifier PCB with three half-bridges, the auxiliary
power supply and the digital control implemented on an ultra-low-power
microcontroller STM32L476.
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Figure 7.4: Circuit and control schematic of the EH system.
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7.3 Test Setup and Measurement Results

Measurements of the EH system were conducted with the test setup
shown in Fig. 7.7. An induction machine with a commercial variable
speed machine drive is driving the MCS, which acts as a mock-up of a
train wheel. Due to practical limitations, the wheel has a diameter of
D2 = 450 mm, which is approximately half the diameter of an actual
train wheel. A mounting system on the interface drive shaft and the
wheel allows one to change the wheel and hence, testing the harvester
with different MCS materials. A torque sensor (type Burster 8661-5050-
1210 with ±10 mNm accuracy) on the driving shaft allows it to measure
the mechanical input power. The EH is mounted on a positioning stage,
which allows adjustments of the air gap g and overlap lov.

Fig. 7.8 shows results of output power measurements for different OPs
(in terms of the overlap and speed), when the DC output of the EH is
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Axial
Kinetic Energy Harvester

Positioning StageMoving Conductive Surface

Torque Sensor:
Input PowerInduction Machine

Machine Bed

Figure 7.7: Test setup used for measuring the performance of the EH
system. An induction machine is used to drive the test wheel (MCS)
and a torque sensor is used for measuring a mechanical input power.

gradually loaded with a resistive load. On the vertical axis, the total
(i.e. wheel-to-DC) efficiency ηtot is depicted, where the input power
was measured with the torque sensor and the output power with the
power analyzer. Due to the previously (cf. Sec. 4.2) described effect
of remanent magnetization of the steel wheel, the measurement points
tend to spread slightly.

For a detailed investigation of the losses, the bearing friction losses
in the EH system (a SKF 608-2Z and a SKF 609-2Z deep groove ball
bearing are utilized to support the rotor) and the generator iron and
proximity losses were measured accumulatively in a run-down test. The
measurement results and a fitted model are given in Fig. 7.9.

In order to verify the aforementioned (cf. Sec. 4.3) analytic model
for the efficiency of the KEH-MCS interaction and the overlap trade-
off, measurement results are presented in the following. As it is not
feasible to run the pot-shaped KEH rotor with the setup of e.g. Fig. 4.4,
the electromechanically harvested power has to be calculated from the
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Figure 7.8: Overall efficiency vs. DC output power for the C45E steel
MCS. Air gap was set to g = 10 mm.

measured electrical quantities on the generator’s terminals. Copper losses
and measured no-load losses of Fig. 7.9 were added to the measured
electric generator output power

PKEH = PA + PB + PC +Rgen · (I2
A + I2

B + I2
C) + Pnoload, (7.2)

where Pnoload are the no-load losses according to the model of Fig. 7.9.
It should be stated that the earlier presented results depicted in Fig. 4.3
were obtained with the same method.

The distribution of losses for the nominal OP can be found in the
illustration of Fig. 7.10. Most losses occur in the MCS due to the
non-coaxial interaction with the PMs. Losses due to bearing friction
and iron losses are relevant as well, while copper losses and losses in the
power electronics are insignificant.

7.3.1 Model Verification and Overlap Trade-off

Fig. 7.11 shows results, which illustrate a trade-off in choosing the overlap
length lov. A higher overlap leads to increased coupling between KEH
and MCS, but also to higher losses. Therefore, the electromechanically
harvested power and the respective efficiency are plotted. Besides the
measurement results, results of the analytical model derived in Sec. 4.3
(specifically (4.7), (4.8) and (4.10)), are shown in Fig. 7.11.
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Figure 7.9: Friction and eddy current losses (of the EH system) obtained
by a rundown measurement.

Pout = 7.8 W
Pl,inv = 0.6 W

Pl,cu = 0.7 W
Pl,fe+eddy+prox. = 1.8 W
Pl,fr = 2.0 W

Pl,2= 53 W ω1 = 197 rad/s
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{P2= 66 W
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Figure 7.10: Loss diagram for the nominal OP of the EH with the steel
wheel. Pl,2 are losses in the steel wheel (of the MCS), Pl,fr losses in
the KEH’s bearings, Pl,fe+eddy+prox. losses in the KEH’s iron (of the
generator), eddy current losses and proximity losses. Pl,cu are generator
copper losses and Pl,inv losses in the active rectifier, including all signal
electronics. Pout is the DC output power available on the harvester’s
terminals.

The KEH input power was calculated according to (7.2), such that
in Fig. 7.11 measurement results can be compared to results that are
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predicted by the analytical model (of Sec. 4.3). For each fixed value of
the overlap length (lov) a variety of OPs, in terms of different harvester
load conditions, can be reached. Results for the respective maximum
power points (MPPs) are plotted in Fig. 7.11. Analytical model and
measurement results agree very well for the efficiency plot in Fig. 7.11.
For the diagram of harvested power in the lower plot of Fig. 7.11, the
power scaling constant required for the analytical model is set to kF =
175 Ns/m3. A limitation of the analytical model can be found when the
overlap is smaller than the radial width of the PMs, lov < Rm,o−Rm,i =
18.5 mm. The analytical model overestimates the harvested power in
this region. Nevertheless, it can be concluded that the analytical model
predicts the efficiency and the optimal overlap well and/or provides a
design guideline.

7.3.2 Influence of Wheel Speed, Air Gap, and Wheel
Material

Fig. 7.12 shows a decay of harvested power with an increase of the air
gap width g. This is due to weaker magnetic coupling. It can be seen
that the proposed EH system can deliver the required power of 5 W in
an air gap range of g = 8 . . . 12 mm.

Finally, Fig. 7.13 shows output power (Pout) and efficiency (ηtot) mea-
surement results utilizing an Ac-112 aluminum wheel and a C45E steel
wheel. While the extracted power is approximately 3 times higher with
the aluminum wheel than with the steel wheel, the system’s efficiency is
in the same range of ηtot ≈ 15%.

Table 7.1: Measured generator parameters.
Parameter Variable Value

Generator phase resistance Rgen 0.437 Ω
No. of pole pairs pgen 2
Flux linkage Ψ 0.0156 Wb
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Figure 7.11: Efficiency and output power vs. overlap with the steel wheel.
The measurements and the analytic model of (4.7), (4.8) and (4.10) are
in good agreement. For a small overlap, lov < Rm,o −Rm,i = 18.5 mm,
the model and measurement results diverge as the lower integration
boundary of (4.6) is only correct for a larger overlap.
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Figure 7.12: Influence of the air gap on the EH power. Clearly, the
extracted power decreases monotonously with increasing air gap, whereas
little influence on the efficiency can be observed.

7.4 Economy of a KEH System

In this section, the described energy generation system is evaluated in
terms of additional tractive effort for the locomotive and its typical
power consumption costs. Moreover, its overall (overhead-line-to-low-
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Figure 7.13: Influence of MSC surface speed (whose energy sources the
harvesting) on the system operation.

voltage-DC) efficiency is compared to a compressed-air-to-electric-power
generation system.

7.4.1 Additional Tractive Effort

According to [107], the tractive effort for pulling a typical 4-axle wagon
with 88 t mass at a constant travel speed of 80 km/h on a straight, flat
track without tunnels sums up to a mechanical power of Ptrack,80 =
40 kW. According to information received from the railway sector,
the average mechanical power demand required to push/pull a freight
wagon on a typical drive cycle with slopes, curves and tunnels can
be approximated as Ptrack,avg = 3 · Ptrack,80 = 120 kW. Further, it
shall be assumed that the KEH is always operating in the MPP with
an electrical power output of 7.8 W, leading to a mechanical power
demand of P2 = 66 W (cf. Fig. 7.10). Therefore, the relative additional
mechanical power demand in this scenario is

P2

Ptrack,avg
= 0.06%. (7.3)
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7.4.2 Power Consumption Costs

Moreover, the energy costs of installing a KEH on a wagon, which is
pulled/pushed by an electric locomotive (as e.g. in central Europe)
shall be analyzed. One can assume that a wagon is running 100’000 km
per year. According to [107], the efficiency of a locomotive, powered
electrically from an overhead line, can be approximated as ηLok = 83%.
Following the statistical data provided by [108], the electric energy price
for a railway company (averaged over Europe and at the overhead line)
can be assumed as pel = 10eCent/kWh. Therefore, the energy cost per
year for installing the KEH on a wagon is

CKEH =
100′000 km/a

80 km/h
· 1

ηLok
· pel · P2 = 15 e/ a. (7.4)

7.4.3 Comparison to an Air-to-Power System

As aforementioned in Sec. 1.1, a compressed-air-to-electric-power system
could theoretically also be considered for generating auxiliary power on a
freight wagon. Although such a system could lead to an extensive certifi-
cation process and/or to a redesign of the compressed air supply system,
it should be considered briefly in the following. This allows comparing
the proposed KEH’s efficiency to a possible competitor system.

A compressed-air-to-electric-power demonstrator system, intended for
a non-railway specific application, is shown in [9] and its maximum
efficiency was reported as ηair2power = 24%. In order to compare this
approach to the proposed KEH regarding efficiency, total cycle efficiencies
must be computed and compared. A chain of all energy conversion
stages, starting from the locomotive’s DC-link over the compressor,
the pressurized air pipe system to the wagon has to be considered.
According to data available from the industrial sector [109, 110], a
typical reciprocating compressor’s efficiency, including the losses of its
electric motor can be assumed as ηcomp ≈ 50%. Further, the efficiency
of the compressor’s power supply (from the overhead line to 3-phase
low voltage AC) shall be assumed as ηaux,pow = 86% and the average
efficiency of the brake pipe system, providing the pressurized air, shall be
assumed as ηpipe = 85%, considering leakage losses and flow resistance
in the pipe. Therefore, a total efficiency of the air-to-power system, from
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the overhead line to the power supply on the wagon can be given as

ηair2power,HVto24V = ηaux,pow · ηcomp · ηpipe · ηair2power

= 86% · 50% · 85% · 24% = 8.8%.
(7.5)

In comparison, the cycle efficiency of the KEH system on a freight train
can be given as

ηKEH,HVto24V = ηLok · ηKEH,tot = 83% · 12% = 10%. (7.6)

The obtained overhead-line-to-low-voltage-DC (on the wagon) efficiencies
show that both systems are comparable in terms of energy demand
and/or efficiency.

7.5 Summary

A novel type of EH, suitable for supplying an anti-lock braking unit
on a freight wagon is presented. The energy source is the motion of
the wagon’s wheel (moving conductive surface: MCS). The presented
system with axially magnetized PMs allows electromechanical transfer
of kinetic energy from the MCS to the KEH in a contactless fashion over
a large air gap width. Together with a generator and a highly compact
PWM rectifier stage, which are both integrated in the KEH, a compact
EH unit with a power density of 22 W/dm3 (360 mW/in3) is formed,
which is approximately 20-times higher than the power density of other
EH systems reported in the literature.

An electric power of 7.8 W can be delivered by the EH system’s rectifier
DC output at an MCS speed of 80 km/h and an air gap width of 10 mm.
The overall (wheel-to-DC-output) efficiency is in the range of 12 %. This
is well justifiable, given the added benefit of a power supply on a freight
wagon and considering that the additional power demand is negligible
for a traction system of a freight train.
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8
Eddy-Current-Based Contactless

Speed Sensing of
Conductive Surfaces

Estimating the speed of freight wagon’s wheel is of inherent interest
for the proposed application of the EH system with an anti-lock

braking system (cf. Fig. 1.3). Clearly, state-of-the-art speed measure-
ment systems such as resolvers could be mounted on the wheel. However,
direct contact of the speed sensor with the MCS or a modification of the
MCS is undesired due to similar considerations as aforementioned for
the KEH. Several types of contactless speed sensors are used in industry,
such as variable reluctance sensors or Hall sensors. However, these
sensors require a non-uniform property of the moving target that can be
detected, e.g. variable reluctance sensors rely on the spatial variance of
the magnetic permeance, Hall sensors on the magnetic field distribution,
and encoders on the optical properties. Hence, these sensors cannot
be used for measuring the speed of smooth surfaces. More advanced
speed-sensing methods, which use e.g. image processing (as in an optical
computer mouse), can measure the speed of rather smooth surfaces,
but they are not considered here since they cannot operate reliably in
harsh environments. Measuring the speed of a moving (i.e. rotating
or translating) body is essential for realizing a closed-loop control in
e.g. an anti-lock braking system and a broad range of other industry
applications such as in machining, assembly lines and transportation.

Therefore, an eddy-current-based contactless speed sensor is described in
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Injection coil

Pickup coils

MCS

vYoke

Figure 8.1: Construction of the analyzed speed sensor comprising a
magnetic yoke, an injection coil, and two pickup coils. A cut-away view
is shown in the image to visualize the coils. The yoke of the actual
system covers all three coils.

the following for measuring the speed of smooth, electrically conductive
surfaces in harsh operating conditions, as it is a contactless system and
not particularly prone to environmental impacts, such as dirt.

8.1 Introduction to Eddy-Current-Based
Contactless Speed Sensing

An interesting contactless speed sensing method is presented in [111],
where a U-shaped inductor is used to place a magnetic mark on a moving
steel band, whose speed is estimated based on the time delay between
the detections of the magnetic mark by two magnetic field sensors placed
at different downstream locations. However, this method cannot be used
for estimating the speed of non-magnetic metals such as aluminum. The
magnetic marker is eliminated in [112], where two eddy current sensors
are used for detecting the inhomogeneities in the rail above which they
are moving. The speed is estimated via the cross-correlation of the two
sensor output signals.

In this chapter, a single, differentially wound eddy current sensor is
analyzed for measuring the speed of a MCS, which does not need to be
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made of a magnetic material or feature any inhomogeneities. A sketch
of a possible sensor arrangement is shown in Fig. 8.1. When an AC
current is flowing in the injection coil and the MCS is in motion (v 6= 0),
there is a slight difference in the induced voltages in the pickup coils,
which is measured and processed for estimating the speed. Similar speed
sensor arrangements have been presented in the literature (e.g. [113]),
but these works have not considered a magnetic yoke. In this work, the
sensor topology is further improved by the addition of a magnetic yoke.

The principle of operation is detailed further in Sec. 8.2. Sec. 8.3
describes the design aspects (i.e. goals, constraints and degrees of
freedom of optimization) as well as the electromagnetic modeling method.
Effects of different degrees of freedom on the sensor performance are
also analyzed. A hardware prototype and a test setup are introduced
in Sec. 8.4, and the results of the earlier analyses are compared to the
measurements. Finally, Sec. 8.5 recaps the important findings.

8.2 Principle of Operation

An AC current, flowing in the injection coil, excites eddy currents in
the MCS. The eddy current distribution in the MCS depends on several
factors such as the amplitude îinj and the frequency finj of the injected
current iinj, the air gap length g, the material properties of the MCS
as well as its speed v. The eddy current distribution is symmetric
at standstill, but a non-zero speed results in a skewing of the eddy
current distribution, as shown in Fig. 8.2a. This skewing results in a
slight difference of the magnetic flux density on the two sides of the
injection coil. This speed-dependent effect is detected via the two pickup
coils arranged symmetrically on both sides of the injection coil, which
are wound in opposite directions, such that the difference of induced
voltages (udiff) can be obtained with a single-ended voltage measurement.
The measured voltage is band-pass filtered with a filter whose center
frequency is at the injection frequency finj, in order to remove any
possible measurement noise, as well as any components resulting from
harmonics of the injected current. The speed information can then
be extracted from the measured voltage by amplitude demodulation
as shown in Fig. 8.2b. A phase-sensitive rectification, as discussed in
detail in [114], can be used for differentiating positive and negative
velocities. On the other hand, in applications where the direction of
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8.3. Modeling, Design Aspects, and
Optimization

winj

ty
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g

tp
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MCS

Yoke

Coil Former

Figure 8.3: Cross-sectional view of the speed sensor geometry (left), and
the geometry of a 3-D printed coil former (right), with key geometric
parameters.

movement is not required, the speed can also be estimated by a simpler,
phase-insensitive rectification.

8.3 Modeling, Design Aspects, and
Optimization

Models describing the electromagnetic behavior of the considered speed
sensor are helpful for optimizing the sensor geometry as well as the
injection frequency for a given air gap and speed range. Works on the
analytical modeling of a similarly arranged eddy-current-based speed
sensor for a moving solid body has been presented in the literature.
In [113] and [115], the authors discuss the case of circular injection and
pickup coils, whereas a rectangular injection coil of arbitrary orientation
towards the conducting plane is modeled in [116] and [117].

However, these works do not consider the use of a magnetic yoke, which
shields the sensor from its environment and increases the air gap flux
density. Even though it may be computationally more demanding
compared to the aforementioned modeling approaches, finite element
method (FEM) simulations offer an easy-to-set-up and very flexible
modeling environment. Therefore, two-dimensional (2-D) time-transient
FEM simulations are used for modeling the speed sensor featuring a
magnetic yoke.

Key degrees of freedom in the speed sensor design are the geometries of
the coils and the yoke, as well as the amplitude and the frequency of the
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injected current. For a given speed range and air gap, the design goal
is to obtain a high sensitivity. It results in a voltage range that can be
measured using basic signal electronics. A linear sensor characteristic is
also desired.

Neglecting magnetic saturation, the measured voltage udiff (and hence
the sensitivity) for a given air gap g and speed v can be increased by
increasing the total Ampere-turns of the injected current. Here, possible
limits are the energy consumption of the sensor and the heating of the
injection coil due to power dissipation.

The relationship between the sensitivity and the injection frequency is
more complicated due to the skin effect in the MCS and will be analyzed
in detail later in this chapter.

Further design considerations are the overall sensor volume as well as
the partitioning of the sensor area between the injection and the pickup
coils. The minimization of the sensor size is not a primary goal in this
work; therefore, at a first step, the sensor area is set by choosing a
commercially available, [64 x 50 x 5.1] mm ferrite block as yoke. The
partitioning of the injection and the pickup coil areas, on the other hand,
plays a major role in the performance of a sensor with given volume.
Hence, the injection coil width is regarded as a design degree-of-freedom
in the optimization, together with the injection frequency. Fig. 8.3 shows
the key design parameters together with Table 8.1. Both the injection
coil and the pickup coils are wound on 3-D printed coil formers. For
ease of manufacturing, the design is limited to only non-overlapping (i.e.
concentrated) coils.

Fig. 8.4 shows the simulation results for the amplitude of the differential
voltage ûdiff for îinj = 1 A and one-turn injection and pickup coils. The
MCS speed is v = 12 m/s. Air gaps of g = [4 , 8, 12] mm, as well is
injection frequencies of finj = [100, 200, 300] Hz are analyzed. It can
be seen that an optimum winj exists with the maximum sensitivity for
each analyzed air gap and injection frequency. For all the analyzed air
gaps, winj = 15 mm, which results in identical injection and pickup coil
geometries, and finj = 200 Hz lead to the highest sensitivity.
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Table 8.1: Design parameters.
Parameter Variable Value

wy Yoke width 64 mm
tp Plastic wall thickness 0.6 mm
ty Yoke thickness 5.1 mm
wc Coil side width 2.4 mm
lc Coil length 50 mm
g Air gap (nominal) 8 mm
v MCS speed 0 .. 12 m/s
a MCS acceleration 5 m/s2

Yoke material Ferrite N87
MCS material Aluminum Ac-112

8.4 Experimental Analysis

Following the initial analysis described above, a speed sensor prototype
is built in order to verify the simulations. Fig. 8.5 (top) depicts the
sensor prototype and Table 8.2 lists its key parameters. The test setup
depicted in Fig. 8.5 (bottom) is used for the experimental analysis. A
drive machine is used to rotate an aluminum wheel, whose surface speed
is measured with the speed sensor prototype that is mounted on an
adjustable positioning table for an easy variation of the air gap. The
encoder at the drive machine’s shaft also provides a reference rotational
speed measurement.

A digital signal generator and a linear amplifier are used for injecting
an AC current with a fixed amplitude into the injection coil. For all the
measurements presented in this chapter, the amplitude of the current

Table 8.2: Parameters of the sensor prototype.
Parameter Variable Value

winj Injection coil width 15 mm
Ninj Injection coil winding turns 70
Rinj Injection coil DC resistance 3.8 Ω
Linj Injection coil inductance (200 Hz) 485 µH
Npick-up Pickup coil turns number 200

139



Chapter 8. Eddy-Current-Based Contactless Speed Sensing of
Conductive Surfaces

5 10 15 20 25 30 35
2

4

6

5 10 15 20 25 30 35
1

2

3

4

100 Hz
200 Hz
300 Hz

Injection Coil Width winj (mm)
5 10 15 20 25 30 35

1

1.5

2

û d
iff

  / 
î in

j (μ
V
/A
)

û d
iff

  / 
î in

j (μ
V
/A
)

û d
iff

  / 
î in

j (μ
V
/A
)

g = 4 mm

g = 8 mm

g = 12 mm

Se
ns

iti
vi

ty
Se

ns
iti

vi
ty

Se
ns

iti
vi

ty

Figure 8.4: Simulation results showing the ratio ûdiff/̂iinj for air gaps of
g = 4 mm (top), 8 mm (middle) and 12 mm (bottom). Three different
injection frequencies (finj = [100 200 300] Hz) are considered. The speed
of the MCS is v = 12 m/s. It can be seen that the injection coil width of
winj = 15 mm, and the injection frequency of finj = 200 Hz lead to the

highest ûdiff/̂iinj (hence, highest sensitivity) for most of the simulated
cases.

is set to îinj = 353 mA (Iinj = 250 mARMS), resulting in a power
dissipation of Pinj = I2

injRinj = 240 mW in the injection coil. Since the
goal is the verification of the electromagnetic design, the construction of
dedicated filtering and amplitude demodulation hardware is omitted at
this stage, and a digital oscilloscope is used for measuring the voltage
udiff,amp, which is obtained by amplifying the voltage udiff 20 times using
a simple operational amplifier circuit in a non-inverting configuration.
For having full flexibility, the filtering and demodulation steps are
realized in the post-processing, once the voltage waveforms are recorded
with the oscilloscope. All the measurement results presented in the
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Figure 8.5: (Top) Sensor prototype with equally sized injection and
pickup coils (winj = 15 mm, cf. Fig. 8.3). The 3-D printed coil formers
are glued onto the ferrite yoke, which is glued to the fixture. (Bottom)
Test bench comprising a drive machine, an aluminum wheel and the
speed sensor prototype mounted on an adjustable positioning table. The
encoder mounted on the shaft of the drive machine provides reference
speed measurements.
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further sections are band-pass filtered using a 2nd-order Butterworth
filter whose lower and upper cut-off frequencies are set to 0.8finj and
1.2finj, respectively.

8.4.1 Offset and Verification of FEM Simulations

Fig. 8.6 depicts the measured voltage udiff,amp for finj = 200 Hz and
g = [8, 12] mm. It can be seen that a non-zero voltage exists for
v = 0 m/s, which will henceforth be called the offset voltage. It results
from the pickup coils unequal flux linkage, which is caused by manu-
facturing tolerances (i.e. the sensor not being perfectly symmetrical).
Clearly, the offset voltage is the voltage, which is measured at standstill.
For a direct comparison of the results with the FEM simulations, where
a symmetrical structure is assumed, the offset is removed by an offline,
time-domain subtraction from the measured udiff,amp at non-zero speeds.
In the following sections, more practical methods for offset removal are
discussed too.

The comparison of udiff,amp waveforms calculated by FEM simulations
to the measurement results is done in Fig. 8.7, for finj = 200 Hz and
g = 8 mm. It can be seen that the simulations are able to predict both
the amplitude’s stronger and the phase’s weaker dependencies on the
speed accurately.

8.4.2 Sensitivity and Linearity

Since the amplitude has a higher sensitivity to the speed, the phase
change is disregarded in a first step for evaluating the effect of the
injection frequency on the sensitivity and linearity of the sensor. Fig. 8.8
shows the simulated and measured amplitudes of the measured voltage
udiff,amp for different injection frequencies and air gaps. It can be seen
that around v = 12 m/s, finj = 100 Hz is resulting in a strongly non-
linear response, showing that the minimum injection frequency should
be chosen considering the maximum speed to be measured. It is also
seen that an optimum finj exists, i.e. increasing finj above 200 Hz leads
to a smaller sensitivity, which is attributed to the skin effect in the MCS.
Finally, it is also noted that the simulations and measurements agree
over this wide design range with a total average mismatch below 10%.
It is expected to be originating from 3-D (end) effects, as well as from
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Figure 8.6: Measurement results for air gaps of g = 8 mm (top), and
g = 12 mm (bottom). The injection frequency is finj = 200 Hz, and

the injection current amplitude is îinj = 353 mA. It can be seen that a
non-zero voltage exists for v = 0 m/s, as a result of asymmetry due to
manufacturing and positioning tolerances.

discrepancies between the assumed and actual electrical conductivities
of the MCS, and between the assumed linear motion and the actual
curvature of the aluminum wheel.

8.4.3 Effect of the Air Gap

The effect of the air gap g on the measured voltage udiff,amp can be seen
in Fig. 8.9, where the measured voltage is plotted, with and without
offset correction (by a time-domain subtraction), for different values of
finj, g and v. It can be seen that the sensor’s sensitivity is inversely
proportional to the air gap. Hence, the offset effect becomes also less
pronounced at smaller air gap values.
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Figure 8.7: Simulation and measurement results for an air gap of g =
8 mm, injection frequency of finj = 200 Hz, and injection current

amplitude of îinj = 353 mA. It can be seen that the simulation and
measurement results agree very well after the offset is removed from the
measurements.

8.4.4 Amplitude Demodulation and Dynamic Be-
havior

Finally, both the removal of the offset through a phase-sensitive demod-
ulation and the dynamics of the sensor are demonstrated together in
Fig. 8.10, where the speed of the MCS is changed with an acceleration of
a = ±5 m/s2. In this case, there is no time-domain subtraction; instead,
the band-pass filtered signal is demodulated by a multiplication with a
clock signal in the form of uclk = sign(iinj). Even though this is done
offline in software, a real-time hardware realization would be possible
with a zero-crossing detector and rather simple signal electronics [114].
The demodulated signal is low-pass filtered with a 2nd-order Butterworth
filter whose cut-off frequency is set to 20 Hz, and a gain of 57 m/Vs is
applied to obtain the speed as plotted in Fig. 8.10. Measurements indi-
cate an accuracy of the eddy-current-based sensor system of ±0.8 m/s
(±3 km/h).
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whereas, the offset is corrected by a time-domain subtraction in (b) and
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Figure 8.10: MCS speed, as recorded by the encoder and the speed
sensor prototype. The encoder reading is converted to surface speed as
v = ωr where ω is the mechanical angular velocity and r = 192 mm.
The low-pass filtered output voltage of the eddy-current-based speed
sensor is converted to speed by multiplication with a constant 57 m/Vs.
The air gap is g = 8 mm, and the injection frequency is finj= 200 Hz.
Measurements indicate an accuracy of ±0.8 m/s (±3 km/h).

8.5 Summary

Measuring the angular or translational velocity of a solid body in motion
is crucial for the monitoring and/or control of numerous industrial
processes. Clearly, the anti-lock system braking system on a freight
wagon is such an application. A direct mechanical contact of the
speed sensor to the MCS is undesired in the anti-lock system and
other applications for e.g. reliability reasons. Several contactless speed
sensors are widely used today, such as magnetic or optical devices.
However, these devices are either not well-suited for operation in harsh
environments (e.g. optical sensors are susceptible to dirt), or they require
a spatial variation of the physical quantity that they measure, and
cannot be used for measuring the speed of smooth surfaces. Therefore,
a contactless speed sensor that is well-suited for estimating the speed of
an electrically conductive, smooth surface is presented in this chapter.

The analyzed speed sensor comprises an injection coil, which induces
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eddy currents in the MCS. An aluminum MCS was considered in this
study. At standstill, the eddy current distribution is symmetrical, but it
gets skewed with increasing speeds. The reaction field is detected via two
differentially wound pickup coils placed on both sides of the injection coil.
Signal conditioning steps of filtering and amplitude demodulation are
used for extracting the speed information from the differential voltage
across the pickup coils.

The models presented in the literature are enhanced by including a
magnetic yoke, which shields the sensor and amplifies the sensitivity for
a given power consumption by intensifying the air gap flux. The outer
volume of the sensor is fixed in this work, but the optimal partitioning
of the injection and pickup coil areas, as well as the optimum injection
frequency, are studied.

A prototype is built and the design procedure is verified experimentally.
It is found that the voltages induced in the two pickup coils are not
identical at standstill, as a result of small asymmetries in the construc-
tion due to manufacturing tolerances. A phase-sensitive demodulation
approach, which can be implemented with ease, is shown to alleviate
the effect of this offset voltage on the sensor performance.

Future work could focus on the design and construction of dedicated
hardware for the implementation of filtering and demodulation steps, as
well as signal injection. In addition, the trade-off between the sensor
volume and sensitivity could be investigated for various air gaps, and
MCSs made of steel.
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9
Conclusions and Outlook

In this work, three system topologies suitable for harvesting electric
energy from the kinetic energy of a moving conductive surface (MCS)

were presented, analyzed theoretically, and studied experimentally. A
target application of particular interest was harvesting energy in a
contactless fashion from the kinetic energy of a freight wagon’s wheel
(MCS) in order to provide an auxiliary, watt-range power supply on the
wagon. Therefore, electrodynamic energy harvesting (EH) was pursued
as neither contact to the MCS, nor modification of the MCS are allowed.
Consequently, a moving flux density is applied in the air gap between
EH system and MCS; eddy currents are excited in the MCS, and an
energy transfer is established.

Initially, a single-sided linear induction machine (SLIM) in generator
operation mode was considered for this task. An output power scaling
law was derived and a prototype test setup was built. The power scaling
law, together with the experimental verification, showed that energy
harvesting/energy generation with a stator of reasonable size (covering
47 cm2 of the MCS’s surface) is only possible for low air gap values
(< 1.5 mm).

Therefore, EH arrangements, utilizing permanent magnet (PM) ro-
tors/wheels, were developed and analyzed. An EH arrangement with
a PM wheel, comprising radially magnetized PMs, was analyzed and
introduced as radial kinetic energy harvester (radial KEH). A computa-
tionally highly efficient simulation methodology, called semi-analytical
method (SAM), was introduced for simulating the radial KEH. Mea-
surements and simulations showed that a KEH prototype with radially
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magnetized PMs, which fulfills the size limitations imposed by the target
application, can only harvest a mechanical power of P = 6 W over an
air gap of g = 3 mm with a steel MCS and v2 = 80 km/h surface speed.
In a case study, the SAM showed a 500 times faster simulation speed,
compared to a 3-D transient eddy current FEM simulation, carried out
with a commercially available software.

An improved KEH for a large air gap width with axially magnetized
PMs, a disc-shaped PM wheel/rotor, and hence, an increased interaction
area between KEH and MCS was developed and built. With a prototype
of suitable size (PM disk radius of 38.5 mm and PM height of 9 mm), a
mechanical power of 14 W was extracted from a C45E steel MCS over
an air gap width of 10 mm. A cogging torque (CT) appears as the PMs
of the KEH rotate to a position, where the magnetic energy in the air
gap between KEH and MCS is minimized. Unfortunately, this increases
the startup speed of the system to values, which can be impractical for
the given application.

In order to convert the harvested mechanical power into electric power, a
permanent magnet synchronous machine (PMSM) operated as a genera-
tor, has to be employed with the KEH. An algorithm was developed that
allowed optimizing and designing the generator’s stator such that the CT
of the KEH could be compensated with a counter CT of the generator.
The application of said algorithm can be generalized and a stator can be
designed, which has any arbitrary CT profile. The optimized generator
was integrated with the KEH in a compact arrangement, was built, and
measurements showed that the startup speed (surface speed of the MCS)
was reduced from 20 m/s to 5 m/s. The developed CT shaping method
can be of particular use for axially short PMSMs, where traditional CT
shaping methods such as skewing cannot be applied.

Additionally, the interaction of the KEH with the environment in the
target application was studied. The effect of iron dust, which could
potentially accumulate in front of the KEH due to the attractive force
of the PMs, was analyzed. Based on the findings of a developed and ex-
perimentally verified magnetostatic model of iron dust, it was concluded
that its effect on the harvesting is insignificant as dust is released when
the MCS speeds up. Moreover, the additional tractive effort and the
KEH energy costs for a freight train were analyzed, when a KEH is in
operation. In a typical scenario, the additional energy costs per year for
installing a KEH on a freight wagon are approximately e 15 and hence,
small compared to the added benefit of an auxiliary power supply.
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A compact active rectifier prototype, which provides a stabilized DC
output voltage, and which is attached to the generator, was designed
and built. Special care of utilizing low power consumption components
was taken and in the measurements, the rectifier showed an efficiency of
96% at 10 W output power.

Finally, a new type of KEH system, suitable for supplying e.g. an anti-
lock braking unit on a freight wagon was formed with the motion of the
wagon’s wheel, i.e. an MCS as energy source. However, the application
area of the system is not limited to the railway sector as energy can be
harvested from any MCS with sufficient speed. The presented system
with axially magnetized PMs allows electromechanical transfer of kinetic
energy from a MCS to the KEH in a contactless fashion over a large
air gap width. Together with the generator and the highly compact
PWM rectifier stage, the compact EH unit shows a power density of
22 W/dm3 (360 mW/in3), which is approximately 20-times higher than
power densities of EH systems reported in the literature [20, 26, 27].
Moreover, an analytical model, which allows predicting the KEH’s
efficiency and estimating the optimal overlap set-point for extracting
maximum power was derived and verified.

As shown in the experiment, electric power of 7.8 W can be delivered by
the proposed EH system’s active rectifier’s DC output at an MCS speed
of 80 km/h and an air gap width of 10 mm. The wheel-to-DC-output
efficiency is in the range of 12 %. This is well justifiable, given the
added benefit of a power supply on a freight wagon and considering the
negligible additional power demand of 0.06%.

Since estimating the speed of a freight wagon’s wheel is of inherent
interest for the proposed application of the EH system with an anti-
lock braking system, a contactless eddy-current-based speed sensor was
analyzed. The sensor comprises an injection coil, which induces eddy
currents in the MCS and a set of pickup coils. The experiment showed
that the speed profile of an aluminum MCS can be measured over an
air gap of g = 8 mm with 3 km/h accuracy.

In summary, novel concepts for contactless harvesting from kinetic
energy have been analyzed and a near-series prototype for providing
auxiliary power on a freight wagon was optimized, designed, built, and
tested. Further contributions as a derived scaling law for the generator
operation of a SLIM with a coated, but solid secondary, a novel CT
shaping method of a PMSM, a magnetostatic model for iron dust, and
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the analysis of a contactless eddy-current-based speed sensor, broaden
the applicability of the findings made in this thesis.

Outlook

Towards the industrial application of the KEH on a freight wagon,
experimental studies with the system mounted on a wagon should be
conducted, which would provide data on the lifetime of the system under
actual environmental conditions and the resulting vibration, thermal
cycles and wear of the mechanical arrangement.

Concerning the postulated magnetostatic model of iron dust, a detailed
experimental characterization of a variety of iron dust samples (higher
density ρDust, variable grain size) could be conducted in the course of
further research. Furthermore, measurements at a higher magnetic field
strength (H > 200 kA/m) could be performed using a setup in analogy
to [105]. This would allow verifying the postulated model entirely or
allow refining the magnetostatic model of iron dust.

Future work towards eddy-current-based contactless speed sensing should
focus on the design and construction of dedicated hardware for the
implementation of filtering and demodulation steps, as well as signal
injection. In addition, the trade-off between the sensor volume and the
sensitivity should be investigated for various air gaps and MCSs made
of various materials, e.g. steel.
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A
Scaling Laws for Electrodynamic

Suspension in
High-Speed Transportation

The analysis of electrodynamic suspension (EDS) systems is closely
related to the calculation of eddy currents and the considerations in

Ch. 2. The topic rose interest with Elon Musk’s announcement in 2013,
which details the design of the Hyperloop [118]. Given said coincidence,
a scaling law for electrodynamic suspension in high-speed transportation
is presented in the following.

The EDS is based on the repulsive force created by induced eddy currents
in a conductive body (rail), a magnetic excitation system and a relative
speed between the magnet field and the rail. When the excitation
system is realized as Halbach array of permanent magnets and mounted
on a moving vehicle (pod), it can create the required lift to levitate
the pod and no further mechanical suspension is needed. EDS is one
of the few vehicle suspension concepts that could operate reliably at
high speeds. Therefore, it gains interest for high-speed transportation
applications as for the Hyperloop project, which is mainly driven by the
Space Exploration Technologies Corporation (SpaceX). Electrodynamic
fields and forces have been analyzed in detail in the literature; however,
the sophistication and/or limited applicability of analytical approaches
or the computational burden of FEM/numerical methods render those
impractical for the initial design of EDS systems. Therefore, power and
loss scaling laws for EDS systems are derived in the following. A 3-D
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simulation for a design example shows that the scaling law is within
10% deviation. Finally, the drag coefficient of EDS systems is compared
to other forms of commercial high-speed ground and air transportation
systems. A pod with EDS running in a vacuum has the potential of
decreasing energy consumption significantly above the cruising speeds
of modern subsonic airliners.

A.1 Introduction to EDS in High-Speed
Transportation

Even though the concept of high-speed travel in tubes is a more-than-
a-century-old idea [119], and concrete technical designs for high-speed
ground transportation in (partially) evacuated tubes have been pub-
lished already several decades ago [120], the idea has recently regained
popularity [121–124]. Hyperloop [118] is a form of high-speed ground
transportation that would reduce the travel time from Los Angeles to
San Francisco (563 km/350 miles) down to 35 minutes. The proposed
system is based on the idea of using small vehicles, denoted as pods
that carry goods or passengers. The pods travel inside tubes, which are
partially evacuated in order to eliminate or minimize air friction and
it is intended to be an alternative for bullet trains up to distances of
1500 km/900 miles [118].

For maintaining a reliable operation at speeds above the state-of-the-
art in ground transportation (up to ≈ 100 m/s = 360 km/h for high-
speed trains), contactless methods are needed for the suspension of a
vehicle. Two candidate technologies considered today are air bearings
and magnetic levitation. Electrodynamic suspension (EDS) systems
with permanent magnets (PMs) and passive secondaries fall within the
latter category, and they offer an interesting solution due to their simple
construction and control.

In such systems, PMs are usually arranged as linear Halbach arrays, in
order to generate a strong magnetic field with a minimum weight [125].
When the PMs are in motion, e.g. mounted at the bottom of the sus-
pended vehicle, facing an electrically conductive and non-ferromagnetic
(otherwise, an attractive force will counteract the levitation force) sur-
face (henceforth called the secondary), eddy currents are induced in
the secondary, which in turn lead to repulsive Lorentz forces; hence

154



A.1. Introduction to EDS in High-Speed
Transportation

Evacuated Tube

Pod

Aluminium Rail

Carbon 
Fiber Shell

Structural
FrameMagnet

Suspension {Levitator

(a)

(b)

Figure A.1: (a) Schematic representation of a system for the Hyperloop
student competition. (b) Pod, rail, and the evacuated tube; a detailed
view of the pod (Images courtesy of Swissloop [126]).

suspension.

A vast amount of literature analyzing electrodynamic fields and forces
has been published over the last decades. Knowles has developed a
general theory of EDS systems using a double Fourier series approach
in [127]; Hill has solved Maxwell’s equations for obtaining lift and drag
forces in simplified EDS geometries in [128]; and Ko and Ham have
studied the transient behavior of an EDS with a linear Halbach array
using wavelet transformation in [129]. In addition to such analytical
efforts, scholars have also commonly used finite element methods (FEM)
to analyze the performance of numerous EDS variants [130–132].

However, the sophistication and/or limited applicability of analytical
approaches or the computational burden of FEM/numerical methods
render those impractical for the initial design of EDS systems, which
motivates the development of scaling laws. In a recent work, Carlstedt
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et. al. provided an in-depth discussion about the use of dimensional
analysis for deriving similarity relationships. However, the analysis is
based on a single PM [133] and is not extended towards a realistic EDS
system. On the other hand, [134] provides an analytic calculation and
FEM simulations of forces in an EDS system, however, a statement on
energy consumption, condensed in a scaling law, is not included.

Therefore, the contribution of the following analysis is towards the study
of feasibility and limitations of utilizing EDS systems in high-speed
transportation and deriving power and loss scaling laws, therefore. The
detailed modeling of the field source is excluded and the analysis starts
with the assumption of a given magnetic field, which not only simplifies
the derivation but also broadens the analysis towards various EDS
systems with different field sources. Both the lift and drag forces, as
well as their ratio, which is the so-called drag coefficient, are derived
analytically in Sec. A.2. Afterward, FEM simulations are used not
only to validate analytical scaling laws but also to quantify the effects
occurring in practical designs in Sec. A.3. Moreover, an example
levitator design is shown in Sec. A.4. Specifications for the application
example are taken from the Hyperloop student competition organized
by the Space Exploration Technologies Corporation (SpaceX), where
the participants are asked to design and build a scaled-down model of
a pod and test it on an approximately 1 mile (1.6 km) long test track.
The track comprises a tube that can be evacuated; two horizontal, flat,
aluminum surfaces (rails), above which the pod can be suspended; and
an aluminum beam, which can be used for guidance of the pod. Fig. A.1
illustrates Swissloop, the pod designed by the students of ETH Zurich
for this competition [126].

For evaluating the design example, a 3-D simulation is conducted and
results are compared to the derived scaling law. Finally, the drag
coefficient of EDS systems is compared to other forms of state-of-the-art
high-speed ground and air transportation in Sec. A.5.

A.2 Scaling Laws: A Simple and General
Representation of the EDS System

The key elements of any EDS system are a magnetic field and an
electrically conductive body (secondary). Both are in relative motion
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Figure A.2: Illustration of the fields, forces, and currents in the EDS
system.

with respect to each other with a slip speed of vs, while the vehicle
moves above the secondary with a speed of v1. If the source of the
magnetic field (primary) is a PM array or an electromagnet excited
with a DC current, which is fixed on the vehicle, the reference system
for the analysis is fixed to the secondary, and the slip speed equals
the vehicle speed, vs = v1. On the other hand, different EDS systems
employing either rotating PM arrays [135–137] or single-sided linear
induction machines [138,139] have also been proposed in the literature,
in which case vs 6= v1.

An analytical model for the magnetic field, induced current field, and
the resulting Lorentz force in the secondary is derived in the following.
Even though a fixed PM array mounted on the vehicle is of primary
interest, for the sake of generality, the slip speed vs is used instead of the
vehicle or primary speed v1, and a magnetic field with a given form is
assumed rather than conducting a detailed modeling of different primary
arrangements. For brevity, both longitudinal end effects and transversal
edge effects are omitted in a first step by assuming both the primary
and the secondary to be infinitely long and wide (cf. x-direction and
y-direction in Fig. A.2, respectively).

The analysis starts with the assumption of a sinusoidal flux density on
the top side of the secondary with an amplitude of B̂ and an x-axis
spatial period of 2 τ , with τ being the pole pitch. The flux density,
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which could be resulting from a Halbach arrangement of magnets above
the air gap, is described by the expression

~Bg(t) =




Bg,x

Bg,y

Bg,z


 =




0
0

B̂g · sin
(
π x
τ + ωst

)


 , (A.1)

where ωs is the slip frequency, which is also the frequency of the eddy
current density j2 induced in the secondary

ωs = π
vs

τ
. (A.2)

For obtaining the flux density distribution ~B2 in the secondary, the
following equations, which are derived from Ampere’s law, the Maxwell-
Faraday equation, and Gauss’s law for magnetism, are applied:

∇× (∇× ~B2) = −µ2 · κ2 ·
∂ ~B2

∂t
, (A.3)

∂B2,x

∂x
= −∂B2,z

∂z
, (A.4)

where µ2 is the secondary permeability and κ2 is the secondary conduc-
tivity. One can define the flux density in the secondary ~B2 as the real
part of an exponential function with complex eigenvalue ~sB,




B2,x(t)
B2,y(t)
B2,z(t)




︸ ︷︷ ︸
= ~B2(t)

= Re




~B2 · exp


 ~sB

T ·




x
y
z
t










. (A.5)

With (A.4) and (A.5), one can obtain the solution for (A.3), where
(A.1) is the boundary condition at the interface of the air gap and
the secondary. With the qualified assumption that the pole pitch is
sufficiently larger than the secondary skin depth

τ � δSkin , (A.6)
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one can obtain the complex eigenvalue ~sB of the field problem as

~sB =




j π/τ
0

− (1+j)/δSkin

jωs


 , (A.7)

with the skin depth

δSkin =

√
2

|ωs| · µ2 · κ2
=

√
2 · τ

π · |vs| · µ2 · κ2
. (A.8)

Therefore, the amplitude of the field distribution in the secondary ~B2

can be obtained as

~B2 = B̂g ·



− (1+j)/δSkin · π/τ

0
−j


 (A.9)

and the solution for the secondary flux density can be expressed as a
function of time as

~B2(t) =B̂g · exp

(
− z

δSkin

)
·



−
√

2 τ
π δSkin

· cos
(
π x
τ + ωs t− z

δSkin
+ π

4

)

0

sin
(
π x
τ + ωs t− z

δSkin

)


 .

(A.10)

Furthermore, the current density distribution in the secondary j2 can
be found with

~j = 1/µ2∇× ~B (A.11)
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as

~j2 =
B̂g

µ2
· exp

(
− z

δSkin

)(
2 τ

δ2
Skin π

·

sin

(
π
x

τ
+ ωs t−

z

δSkin

)

+
π

τ
· cos

(
π
x

τ
+ ωs t−

z

δSkin

))
·




0
−1
0


 ;

(A.12)

which, using (A.6) again yields

~j2 ≈
B̂g

µ2

2 τ

δ2
Skin π

· exp

(
− z

δSkin

)

· sin
(
π
x

τ
+ ωs t−

z

δSkin

)
·




0
−1
0


 .

(A.13)

A.2.1 Lorentz Force Density

Following the derivation of the flux density B2 and the induced current
density j2, this section analyzes the longitudinal (thrust or drag) and
normal (lift) components of the Lorentz force.

The volumetric Lorentz force density

~f = ~j2 × ~B2, (A.14)

yields together with (A.10) and (A.13)

~f =− B̂g
2

µ2
· exp

(
− 2 z

δSkin

)
2 τ

δ2
Skin π

· sin
(
π
x

τ
+ ωs t−

z

δSkin

)
·




sin
(
π x
τ + ωs t− z

δSkin

)

0
√

2 τ
δSkin π

· cos
(
π x
τ + ωs t− z

δSkin
+ π

4

)


 .

(A.15)

A surface force density σ, which is the force per magnetic interaction
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area Am in the xy-plane (cf. Fig. A.2), follows as

σ =

∞∫

0

fxdz . (A.16)

The average surface-force density, which can be directly applied to an
initial dimensioning of an EDS system follows as

σ̄ =




σ̄x

σ̄y

σ̄z


 =



− B̂2

g τ

2µ2 δSkin π

0
B̂2

g τ
2

2µ2 δ2Skin π
2


 . (A.17)

Rewriting (A.17) with (A.2) and (A.8), the ratio cD = σ̄x/σ̄z = Fx/Fz,
which describes the relationship between longitudinal force Fx and lift
force Fz can be derived as

cD = π
δSkin

τ
=

√
2π

τ κ2 µ2 vs
. (A.18)

In the case of a PM array fixed to the pod’s bottom, cD is the drag-to-lift
ratio, or as it will be called in the following, the drag coefficient.

The specific power demand per lift force follows as

cP = cD vs =

√
2π vs

τ κ2 µ2
. (A.19)

Consequently, the instantaneous power demand Ptravel of the system
can be calculated as

Ptravel = m · g · cD · vs︸ ︷︷ ︸
cP

, (A.20)

where m is the total vehicle mass and g is the gravity. Hence, the
propulsion system must be able to supply the required amount of power
Ptravel to maintain a constant speed.
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Figure A.3: (a) Illustration of flux conservation in the secondary. (b)
Lift and drag force and their densities illustrated for a typical operation
point of an EDS system and a speed of 100 m/s for two different pole
pitch values. While the peak value of drag force density is inversely
proportional to pole pitch, the peak value of the lift force density is
inversely proportional to the square root of the pole pitch. Therefore,
an increased pole pitch reduces the drag coefficient significantly.
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Figure A.4: (a) Magnetization pattern and magnetic field lines of an
ideal Halbach magnet with continuous magnetization; and (b) a practical
Halbach array consisting of discrete magnets, with an incremental angle
of magnetization ϕim of 90o.

A.2.2 Interpretation of Drag Coefficient Scaling

The above-derived drag coefficient equation (A.18) shows directly how
the losses of an EDS system scale with the secondary conductivity κ2,
the pole pitch τ and the slip speed vs. Further results in this work are
for an aluminum secondary with κ2 = 35 MS/m, which is in accordance
with most research projects in the field of EDS high-speed transportation
(e.g. [118]). However, according to the scaling law (A.18), introducing
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Figure A.5: The drag coefficient cD over speed v1 (a), and over pole
pitch τ (b); calculated both analytically and with FEM. An infinitely
long levitator with ideal Halbach magnetization is assumed.

a copper secondary would reduce the losses, regardless of the practical
realization of the levitator, by a factor of

√
κAl/κCu = 0.78 or 22%.

In order to illustrate the effect of the pole pitch τ on the drag coefficient,
the cause for build-up drag and lift force shall be analyzed briefly.
Clearly, the drag Fx is developed by the vertical component of the flux
Bz and the current (density) flowing in the secondary j2. On the other
hand, the lift force Fz is developed by the horizontal flux component
in the secondary Bx and the current (density) flowing in the secondary
j2. Due to the skin effect and the law of magnetic flux conservation,
illustrated for this specific case in Fig. A.3a, the relation between flux
in a horizontal direction and a vertical direction is

Bx · δSkin ∼ Bz · τ . (A.21)

Since the skin depth (cf. (A.8)) scales with (A.2) as δSkin ∼ 1/
√
τ, the

influence of the pole pitch τ on the drag coefficient must scale as

cD =
Fx

Fz
∼ δSkin · j2

τ · j2
∼ 1√

τ
. (A.22)

Moreover, Fig. A.3b shows for two pole pitch values how lift force and
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Figure A.6: (a) Induced current density in the secondary for an infinitely
long magnet with continuous magnetization moving at v1 = 25 m/s, (b)
a finite magnet with pole pair number p = 1 moving at v1 = 25 m/s
showing the edge effects of the induced currents, and (c) the same finite
magnet moving at v1 = 350 m/s illustrating the effect of high speeds on
the skin depth of the induced current.

drag develop over the depth in the secondary. One can see that most
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Table A.1: Dimensions and material properties used for simulations.
Parameter Variable Value

Pole pair number p [1...6]
Pole pitch τ [0.25...3.50] m
Levitator height dlev 0.2 m
Speed v1 [25...350] m/s
Magnet coercitivity Hcb 890 kA/m
Sec. conductivity κ2 35 MS/m
Magnet permeability µ1 1µ0

Sec. permeability µ2 1µ0

of the force (and secondary losses due to drag) is generated in the skin
depth. While the peak value of drag force (Fx) density is proportional
to Fx ∼ 1/τ , the peak value of the lift force (Fz) density is proportional
to Fx ∼ 1/

√
τ.

A.3 Verification of the Scaling Laws: Ideal
and Practical EDS Systems

2-D FEM simulations are used in this section, first for the verification
of the analytically derived scaling laws and then, for the quantification
of effects occurring in practical EDS systems. The first analyzed effect
is the finite length of the PM arrangement, which results in entry and
exit effects. Those will be referred to as edge effects in the following.
Secondly, the effect of higher-order magnetic field harmonics, originating
from the realization of the primary as Halbach array will be studied.

In the following, the drag coefficient cD is used to assess the effects of
levitator imperfections. Table A.1 lists the dimensions and material
properties used for the FEM calculations.

A.3.1 Infinitely Long, Ideally Magnetized Halbach
Array

An infinitely long magnet with ideal, sinusoidal Halbach magnetization
is used in a first step to verify the scaling law. Fig. A.4b shows the
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Figure A.7: (a) Air gap flux density without interaction of the secondary
for a finite-length magnet with pole pitch τ = 0.5 m, pole pair number
p = 2 and ideal Halbach magnetization, and (b) drag coefficient cD for
a finite-length levitator and different pole pair numbers, for a speed
of v1 = 100 m/s. (c) Air gap flux density Bz without eddy current
reaction, for a finite-length levitator with pole pitch τ = 0.5 m and pole
pair number p = 2, consisting of discretely magnetized magnets. (d)
Drag coefficient cD for a finite-length levitator with varying incremental
angles of magnetization, for a speed of v1 = 100 m/s.

magnet and the secondary. The magnetization M of the magnet is

~M(x) =

[
Mx(x)
Mz(x)

]
=

[
M0 · sin (x/τ · π)
M0 · cos (x/τ · π)

]
, (A.23)
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with x being the position in the x-direction and M0 the amplitude of the
magnetization. The overall length of the levitator (consisting of an array
of magnets with discrete magnetization or one sinusoidally magnetized
magnet) is

llev = 2 · p · τ, (A.24)

where p is the number of pole pairs. The longitudinal boundaries of the
model are defined as

~A (x = 0) = ~A(x = llev), (A.25)

with ~A being the magnetic vector potential. This corresponds to an
infinitely long levitator since the magnetic vector potentials at both
ends of the levitator are equal.

Fig. A.5a and Fig. A.5b show the analytically calculated drag coefficient
and FEM simulation results for selected pole pitches and speeds. The
derived scaling law and 2-D FEM results agree well.

A.3.2 Finite-Length, Ideally Magnetized Halbach
Array

An ideally magnetized levitator, cf. magnetization function (A.23), with
finite length is used to analyze the impact of longitudinal end effects on
the levitator performance. This phenomenon is well known, described
for linear induction machines and decreases the machine’s performance
due to exiting eddy currents, which do not longer contribute to thrust
generation [140], p. 72. Similarly, for a levitator, finite length results
in an increased drag coefficient. Fig. A.6a shows the induced current
density in the rail as an outcome of a 2-D FEM simulation for a levitator
with infinite length, while Fig. A.6b shows the induced current density
for a levitator with finite length. In Fig. A.6a, the distribution of induced
currents is homogeneous and shows a characteristic wave pattern. The
distribution of eddy current fields in an EDS system with finite length
shows inhomogeneities at the ends of the levitator, which is denoted as
the edge effect in Fig. A.6b. For illustrative purposes, Fig. A.6a and
Fig. A.6b are given for low speed (v1 = 25 m/s) and hence, for a larger
skin depth. Fig. A.6c illustrates the field distribution of the system
cruising at high speed (v1 = 350 m/s).

For stating the quantitative effect of finite magnet length, Fig. A.7a
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shows the z-component of the air gap field Bg,z for a levitator with
p = 2 and τ = 0.5 m. It shall be denoted that this is only the field of
the magnet as defined in (A.1), without the eddy current reaction. The
ends of the levitator lead to a steep slope of the field in the air gap.

Fig. A.7b quantifies the end effect by comparing the drag coefficients
cD,finite for finite-length levitators with pole pitch τ = 0.5 m and dif-
ferent pole pair numbers p, moving at v1 = 100 m/s. As expected, a
performance degradation is seen, especially with lower pole pair num-
bers. Nevertheless, the increase of the cD,finite is limited to 15% and
approaches the ideal value cD,∞ for a higher number of pole pairs.

A.3.3 Finite-Length, Segmented Halbach Levitator

Practical Halbach arrays are often assembled using discrete magnets,
each with a uniform direction of magnetization. The angle between the
magnetization directions of neighboring magnets is denoted here with
ϕim. Fig. A.4b shows a Halbach array with ϕim = 90o. Fig. A.7c shows
the z-component of the air gap field Bg,z for a levitator with p = 2 and
τ = 0.5 m for ϕim = 90o and ϕim = 45o.

The discrete magnetization leads to an additional distortion of the air gap
field and increases the drag coefficient. The amount of field distortion
and the drag coefficient are inversely proportional to ϕim as shown in
Fig. A.7d. Smaller ϕim values constitute a better approximation of the
continuously magnetized levitator. This example shows that a levitator
with a discretization angle of ϕim = 90o features a drag coefficient cD
that is ≈ 9% higher compared to a continuously magnetized levitator.
However, a reduction of the discretization angle below ϕim < 15o does
not reduce the drag coefficient significantly.

A.3.4 Effects of Finite Levitator Width and Length

For the example design given in Table A.2, end and edge effects due to
the EDS levitator’s finite length and width as well as the discretization of
its Halbach array (ϕim = 15o) are analyzed. The simulation is conducted
in 3-D with a numeric method based on [141,142] and [58], pp. 19-63.
Fig. A.8a illustrates the magnetic field on the surface of the aluminum
rail for a speed of v1 = 100 m/s. One can identify a certain distortion
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due to finite length and width of the levitator. However, comparing the
scaling law to the 3-D simulation in Fig. A.8b shows that the deviation
is minor. The error of the scaling law was found to be < 10% for
interesting speeds of v1 > 100 m/s.

This clearly demonstrates that the analytical scaling laws are a valid
tool for the initial design of practical systems, even though they have
been derived assuming an ideal levitator.

A.4 Case Study: Levitator for the Hyper-
loop Competition

In order to illustrate the application of EDS in high-speed transportation
further, an example levitation system in accordance with the specifica-
tions of the 2017 Hyperloop student competition [143] is given in this
section. The levitation system is composed of two levitators, designed
to float on the pair of flat aluminum surfaces running parallel to each
other at the bottom of the evacuated tube. Each levitator is 2 m long
and weights mlev = 30 kg. The system has a payload capacity of up
to mp = 250 kg while guaranteeing an air gap above 10 mm for speeds
exceeding 25 m/s (90 km/h). Based on results in Sec. A.3.3, the in-
cremental angle of magnetization is set to ϕim = 15o. The magnet
discretization results in only 7 differently magnetized blocks of magnets
(0o, 15o, 30o, 45o, 60o, 75o, 90o) with using the symmetry properties of
the arrangement. With the chosen pole pitch τ = 500 mm, the levitator’s
discrete magnets can be realized as blocks of τ/24 = 20.8 mm length (in
x-direction), wlev = 120 mm width (in y-direction) and hlev = 16 mm
height (in z-direction). Further dimensions of the proposed design are
summarized in Table A.2.

A.4.1 Steady State Air Gap and 1-D Dynamics of
an EDS System

Fig. A.9 shows the lift force of one levitator and the gravitational force
(mp/2 +mlev) g of the mass, which is lifted by one levitator. The force
equilibrium

Fz,L (lg,S, v1) = Fz,g = (mp/2 +mlev) g (A.26)
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Figure A.8: (a) 3-D simulation result, illustrating the magnetic field
on the aluminum rail due to one levitator according to Table A.2 at a
speed of v1 = 100 m/s. (b) Comparison of the drag coefficient predicted
by the scaling law and 3-D simulation result for the levitator according
to Table A.2. For speeds v1 > 100 m/s the scaling law deviates < 10%
from the 3-D simulation.

determines the speed dependent, steady-state air gap lg,S. Fig. A.9
shows this for the limits of the operational range (25 m/s and 350 m/s).
The steady-state air gap stays within 12.8 mm ≤ lg,S ≤ 18.6 mm.

As an extended vehicle stability analysis of an electrodynamically sus-
pended pod is beyond the scope of this analysis, only a one-dimensional
analysis of the resonance frequency is conducted, where a vertical dis-
placement of the pod is considered. Tangent lines at the steady state
levitation points in Fig. A.9 show the stiffness of the proposed levitation
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Table A.2: Dimensions of the example system.
Parameter Variable Value

No. of levitators 2
Levitator length llev 2 m
Levitator width wlev 0.12 m
Levitator height hlev 0.016 m
Pole pitch τ 0.5 m
Incremental magnet. angle ϕim 15o

Levitator weight mlev 30 kg
Payload mp 250 kg

system. As a displacement of the pod in direction of a decreased air
gap causes an increase in lift force for all air gap positions, it can be
concluded that the system is stable for small excitations and with regard
to the considered displacement. With stiffness k and the pod’s mass m,
the (undamped) mechanical resonance frequency for vertical oscillations
is

fres =
1

2π

√
k(v1)

m
≈ 0.07 Hz (A.27)

for all operating conditions. This rather low frequency is well suited
for active damping systems, as it shall be possible to design either
electromagnetic or mechanical (e.g. by using compressed gas, which
may already be on-board and utilized for propulsion) active damping
systems that feature a bandwidth well above fres ≈ 0.07 Hz.

A.4.2 Considerations on the Achievable Range

In the following, the maximum range of the electrodynamically levitated
high-speed pod shall be briefly discussed. Both the propulsion system
and the energy storage systems are assumed to be on the pod, which
is in accordance with [143]. It results in a very simple track structure
with just flat conductors and no energized parts.

According to the results depicted in Fig. A.8b, a drag coefficient of
cD = 0.04 and a speed of 250 m/s (approximately 900 km/h or
560 mph) is assumed. Therefore, the power required to overcome the
drag of the levitation system and to maintain this constant speed is
Ptravel = 30 kW. For the sake of simplicity, it is assumed as a first step
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Figure A.9: Lift and gravitational forces acting on the levitation system
for different air gaps and velocities, and a stable air gap defined by the
intersection with the gravitational force for the given payload. Tangents
on the steady-state operating points show the stiffness of the EDS
system.

that the total mass of the energy storage mbat accounts for one-third of
the total vehicle mass mtot. At this point losses of the energy storage
and the propulsion system are neglected. The required power density of
the energy storage P ′bat can then be calculated as

P ′bat =
Ptravel

mbat
= 3 · g · cD · v1 = 0.29 kW/kg. (A.28)

This is well below the power density of batteries used in commercial
electric vehicles [144], e.g. the lithium-ion battery system of a Chevrolet
Volt has a power density of P ′bat ≈ 0.65 kW/kg [145]. Furthermore, it
has an energy density of W ′bat ≈ 0.1 kWh/kg. With assuming a similar
energy density for the batteries of the Hyperloop system, the reachable
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range xrange can be calculated as

xrange =
W ′bat

3 · g · cD
≈ 300 km. (A.29)

This range can be extended further by an energy storage with higher
energy density, battery replacement stations, or (wireless) charging
along the track. Alternatively, the energy storage and propulsion can
be removed from the pod entirely by using an energized track that acts
as stator of a linear machine, whose mover is attached to the pod [118].

A.5 Comparison with Other Forms of
High-Speed Transportation

In this section, an electrodynamically suspended vehicle is compared
to other high-speed ground and air transportation systems. In order
to achieve a simple comparison, several aspects such as their related
propulsion/traction methods and their efficiencies or environmental
impact are left out. Moreover, the vehicle is assumed to travel in a tube,
which is completely air-evacuated (as e.g. proposed for the Hyperloop)
and the drag coefficient of the EDS system cD is selected as the sole
performance metric. Fig. A.10 depicts this comparison.

State-of-the-art high-speed ground transportation is represented in
Fig. A.10 by the German Intercity-Express (ICE). The rolling resis-
tance and the air-friction resistance of an ICE with 14 coaches and a
mass of 800 000 kg is calculated according to Sauthoff’s equation [107],
p. 40, up to 100 m/s. There is no literature for the rolling resistance
of high-speed trains above this speed since the high stresses in the
mechanical suspension systems prevent increasing the speed further for
regular passenger transportation. However, the rolling resistance of
today’s modern high-speed trains is much lower compared to the drag
coefficient of an EDS system below 100 m/s (360 km/h or 224 mph).

Nevertheless, the results turn in favor of the electrodynamically sus-
pended vehicle when it is compared to state-of-the-art air transportation
systems at speeds above 200 m/s. Küchemann [149], p. 341, gives an
expected range of cruising drag coefficients for various aircraft, which is
plotted in blue in Fig. A.10. The drag coefficients for cruising operation
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A.5. Comparison with Other Forms of
High-Speed Transportation
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Figure A.10: Comparison of the drag coefficient cD of an electrodynam-
ically suspended vehicle with that of other high-speed ground and air
transportation systems. For the electrodynamically suspended vehicle,
an ideally evacuated tube was assumed and henceforth, the air friction
resistance is neglected. At high speeds (> 200 m/s) the EDS system
shows lower drag resistance compared to commercial aircraft, while it
can be operated noticeably above the operating range of conventional
high-speed trains (ICE). The curve for a high-speed train (ICE) with
14 coaches and a mass of 800 000 kg is according to Sauthoff’s equa-
tion [107], p. 40. Points for the Concorde supersonic plane are from [146],
p. 26. Points for the Boeing 747 plane are from [147], p. 20. Points
for the A380 plane are from [148], p. 4. Moreover, an expected range
of drag ratios for all possible aircraft according to Küchemann [149],
p. 341 is plotted.

for a Boeing 747 airplane [147], p. 20, an Airbus A380 [148], p. 4, and
Concorde supersonic plane [146], p. 26 broaden this picture. Hence, it
can be concluded that an electromagnetically suspended vehicle (e.g.
Hyperloop pod) can significantly reduce the power required to cruise at
speeds exceeding 250 m/s compared to today’s airplanes.
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Appendix A. Scaling Laws for Electrodynamic Suspension in
High-Speed Transportation

A.6 Summary

In this chapter a simple, yet accurate analytical model for an electro-
dynamic suspension (EDS) system has been derived. Scaling laws (cf.
(A.18) and (A.19)) are deducted from the model and give insight into
the build-up of the drag coefficient, which is drag per-obtained-lift-force
in an EDS system. The detailed modeling of the magnetic field source is
omitted for the sake of simplicity, and a given magnetic field is assumed
for the analysis in a first step. This enables the use of the presented
method to evaluate various EDS systems with different excitations such
as single-sided linear stators, rotating permanent magnets, and of course
the most common and simplest variant, a static (fixed on a moving
vehicle), linear Halbach array. According to the derived scaling law, the
drag of the EDS system reduces with higher traveling speed, higher rail
conductivity and longer pole pitch of the excitation system.

2-D FEM models are first used to validate the analytical models. After-
ward, they are used to quantify the effects of practical design aspects,
such as finite magnet length and the discrete realization of a Halbach
array. Simulations verify the scaling law for the drag coefficient on
practical EDS systems. An example levitator design is shown, which
is in accordance with the specifications of the Hyperloop student com-
petition. 3-D simulations, therefore, considering finite levitator length
and width, as well as discretization of the EDS system’s Halbach array
(ϕim = 15o), reveal that the error of the scaling law is minor (< 10%)
for higher speeds (v1 > 100 m/s). It can be concluded that the provided
scaling law is sufficiently accurate for an initial design of an EDS system
and for evaluating the feasibility of an application utilizing an EDS
system. The study on the system realization concludes with analyzing
the resonance frequency of the suspension for an assumed displacement
in a vertical direction. For this mode, it was calculated as < 1 Hz for the
design example. Stability analysis of the analyzed concept, considering
all degrees of freedom in displacement as well as considerations on the
track guiding of the levitated vehicle could be analyzed in the course of
further research.

Finally, comparing the drag coefficient of EDS systems to other forms
of state-of-the-art high-speed ground and air transportation presents
an interesting picture. Above the cruising speeds of modern subsonic
airliners, an electrodynamically levitated vehicle in an evacuated tube
(e.g. Hyperloop) has the potential of increasing the cruising-speed energy
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A.6. Summary

efficiency significantly. The drag due to the EDS system decreases with
increasing traveling speed, while air friction of airliners increases with
traveling speed.
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