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Abstract—This paper proposes a novel type of watt-range
permanent-magnet energy harvester, which harvests energy from
a moving conductive body or surface without mechanical contact,
as its operation is purely based on eddy-current coupling. The
harvester’s main advantage over existing solutions is that it allows
energy transfer over atypically large (2 .. 15 mm) air gaps,
which are unavoidable in certain industrial applications. The
paper provides a detailed description of the system’s operating
principle, and elaborates its modeling using 3-D Finite-Element
Method (FEM) analysis. Two prototypes are built and tested for
verifying the models. A power of 2.42 W is harvested from an
aluminum surface moving with 10 m/s, over 12 mm air gap using
a prototype with ~ 14 cm® magnet volume. Moreover, the effects
of the harvester’s placement as well as the speed of the moving
conductive surface on the maximum harvested power and the
system’s efficiency are analyzed, both with FEM simulations and
measurements.

Index Terms—Kinetic energy harvesting, electromagnetic energy
harvesting, watt-range energy harvesting, eddy-current coupling,
electromagnetic coupling, air gaps.

NOMENCLATURE
BLDC Brushless DC
EHS Energy harvesting system
FEM Finite-element method
KEH Kinetic energy harvester
MCS Moving conductive secondary
MPP Maximum power point
PM Permanent magnet
B: PM remanent flux density
IMPP Efficiency at MPP
©v1 KEH angle of rotation
ﬁoremz Lorentz force density
g Air gap
Hep PM coercivity
hm KEH magnet height
I Generator current
K MCS conductivity
k1 KEH torque slope
kpa MCS power slope

lov Overlap between r1 and MCS

nPM Quantity of PMs

Py, p1 Power harvested by KEH (RMS, p(t))
Ps, p2 Power supplied by MCS (RMS, p(t))
Pina Generator input power

Pupp Power harvested by KEH at MPP

1 KEH PM center radius

To MCS radius

T'm PM radius

Rgen Generator phase-to-phase resistance
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Fig. 1: Overview of the proposed Energy Harvesting System (EHS).
Kinetic energy is harvested electromechanically from a moving con-
ductive body (MCS) without mechanical contact and then converted
into electrical energy using a generator which supplies a load system
through a power electronics interface.

Ty Electromagnetic torque on KEH

Ts Torque on MCS

Tr410ss  Total friction torque and loss torque in generator
Trmax Electromagnetic torque on KEH at wq =0

V2 MCS surface speed

w1 Angular frequency of KEH

w2 Angular frequency of MCS

I. INTRODUCTION

In various fields of industry, remote devices such as wireless
sensors [1-3] or actuators require a milliwatt- or watt-range
power supply. This is most commonly achieved by employing
an energy storage (e.g. batteries), wireless power transfer [4] or
a wired connection to a power grid. Nevertheless, occasionally
the most practical way of powering such devices is to extract
the required power directly from the device’s surrounding by
using Energy Harvesting Systems (EHS). A diagram of such
an EHS with a moving conductive body as energy source is
presented in Fig. 1, while Fig. 2 illustrates the realization of
the proposed EHS.

Traditionally, the term energy harvesting relates to low power
levels, ranging from a few microwatts [5-7] to milliwatts
[8-12]. However, emerging remote devices such as actuators
operating on higher, watt-range power levels cannot be sup-
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Fig. 2: Kinetic Energy Harvester (KEH), comprising axially magnetized PMs and an iron yoke, rotating in close vicinity of a rotating wheel,
i.e. a Moving Conductive Secondary (MCS). Kinetic power is transferred electromechanically over an air gap g between MCS and KEH.
(a) shows a side view of the system, illustrating air gap (g) and magnet height (hm). A projection view of the system in given in (b), where

radial dimensions r1, r2, rm and the overlap length o, are defined.

plied by simple adjustments of existing harvesting topologies.
Accordingly, novel energy harvesting methods need to be
addressed in research.

A comprehensive overview of well-established low-power
kinetic and electromagnetically energy harvesting systems can
be found in [13,14], while a watt-range kinetic EHS for
emerging applications has recently been introduced in [15-17]
and analyzed in detail in [18]. Power is extracted contactless
in an electromagnetic way from a moving conductive body
or surface, which will be referred to as Moving Conductive
Secondary (MCS) in the following. Fig. 3 shows this EHS,
where radially magnetized Permanent Magnets (PMs) are
mounted on a magnet wheel (henceforth called the Kinetic
Energy Harvester (KEH)) that is free to rotate around its axis.
The KEH is placed above the MCS, such that its axis of
rotation is parallel to the MCS surface. The PM field induces
eddy currents in the MCS, and eddy-current coupling takes
place between the two mechanical systems, i.e., forces apply
both on the KEH and the MCS due to the induced eddy
currents. Accordingly, the KEH rotates and drives a generator
which converts the kinetic energy of the MCS into electrical
energy. The generator may be formed by coils wound directly
around the KEH as shown in Fig. 3 [18]; or alternatively, a
stand-alone electrical machine can be mechanically coupled to
the KEH and be used as a generator. Such an EHS, i.e. the
combination of a contactless KEH and a generator could e.g.
be used for extracting kinetic energy from a rotating aluminum
wheel in order to supply an LED lighting system [15].

In the arrangement of [18] (cf. Fig. 3), the axis of the KEH
lies parallel to the MCS surface, which leads to a limited
magnetic coupling between PMs and the MCS, as only the
PMs that are closest to the MCS interact with it over the
narrowest region of the air gap. The rest of the PMs, on
the other hand, do not contribute significantly to the magnetic
coupling. In order to avoid this drawback, the EHS concept

shown in Fig. 1 is proposed in this paper. The proposed EHS
features a new KEH arrangement, which is shown in Fig. 2.
This new structure consists of a disk which freely rotates
around its axis, and axially magnetized PMs placed on its
surface facing the MCS. The disk is made of magnetic steel
and provides a low-reluctance return path to the PM flux that
induces eddy currents in the MCS across the air gap. The steel
disk is dimensioned sufficiently thick, such that the guided
flux of PMs does not lead to magnetic saturation in it. As its
axis of rotation is perpendicular to the MCS, magnets interact
with the MCS over a constant air gap. Therefore, a stronger

Fig. 3: The EHS analyzed in [18]. Radially magnetized PMs are
mounted on a wheel (KEH) that is free to rotate around its axis.
The PM field induces eddy currents in the MCS and establishes
a contactless eddy-current coupling between the two mechanical
systems. The mechanical energy of the KEH wheel may be converted
into electrical energy either by coils wound directly around it, or by
a mechanical coupling to the shaft of a generator.
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Fig. 4: Cross section of a 3-D FEM simulation. The PM flux, illus-
trated with an arrow field, induces eddy currents in the moving con-
ductive secondary (MCS). Currents in the MCS are mainly induced
in a skin depth in the millimeter-range. Currents and magnetic flux
build up Lorentz forces which enable the kinetic energy harvesting.

electromagnetic coupling compared to [18] is achieved.

In order to focus on the new KEH design, in a first step,
an off-the-shelf three-phase brushless DC (BLDC) machine
is connected mechanically to the disk and employed as the
generator.

This paper is about describing the physical operating principle
of the presented novel system, its 3-D FEM modeling and the
analysis of the influence of the main operation parameters (air
gap g, MSC speed vy and radial overlap of KEH and MCS
lov) on the system’s performance.

The harvester’s principle of operation is described and the
conducted system modeling is elaborated in Sec. II. Sec. III
details the hardware setup with the manufactured harvester
prototypes and presents results obtained by measurements and
simulations. Sec. III-D focuses on the scaling of harvested
power under variation of operation parameters such as air gap
(9), MCS speed (v2) and overlap (I, ), while Sec. IV concludes
the paper.

II. PRINCIPLE OF OPERATION AND SYSTEM MODELING

Eddy-current couplings are a mature technology [19]. They
are typically utilized in heavy-duty drivetrains for overload
protection and vibration isolation as they are characterized by
low maintenance requirements [20]. The functional principle
of the KEH shown in Fig. 2 is principally similar to an
axial-flux eddy-current coupling. However, in standard eddy-
current couplings, the two shafts are usually coaxial in order to
maximize the coupling efficiency [21]. On the other hand, in
the proposed energy harvesting application, where the energy
source is the rotation of a conductive body (e.g. a gear wheel),
such coaxial arrangement may not be possible.

Moreover, the MCS movement could be translational instead
of rotary, for instance when energy has to be harvested from
the translational movement of a conveyor. Therefore, a non-
coaxial arrangement with a partial overlap [, (cf. Fig. 2b) of
the KEH and the MCS is considered in this work in order
to cover a wider range of energy harvesting applications. For
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Fig. 5: Build up of torque and power in the energy harvesting system
under consideration. The built up Lorentz forces in the MCS are
depicted for two different KEH positions in (a) with black arrows as
result of a 3-D FEM simulation. Due to the relative speed between
KEH magnet field and MCS, eddy currents are induced in the MCS
and Lorentz forces are built up. The Lorentz forces describe the power
transfer between MCS and KEH. In the figure on the left, a large
fraction of the Lorentz force contributes to torque on the KEH. In the
right position, the Lorentz force magnitudes are higher, although due
to their directions, less effectively contributing to torque on the KEH.
The power harvested by the KEH (p1(t)) and the power supplied by
the MCS (p2(t)) as outcome of a time-transient 3-D FEM simulation
are depicted in (b).

this presented case, computationally efficient analytic models
developed for coaxial eddy-current couplings (e.g. [22]) cannot
be used, and therefore a FEM-based modeling approach is
adopted.

Since the magnetic circuit of Fig. 2 is not continuous in
neither a linear nor a rotational axis, a 3-D model is required.
Moreover, as the MCS and the KEH are rotating around
different axes, the overall system cannot be modeled by only
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Fig. 6: Test setup of the proposed EHS. The KEH is positioned in
the vicinity of the MCS as illustrated in Fig. 2. A DC machine with
speed control is employed as prime mover of the MCS. The KEH
extracts kinetic power over an air gap and an off-the-shelf BLDC
machine is utilized as generator.

the relative motion of the two mechanical systems, but the true
motions of both the MCS and the KEH have to be incorporated
in the FEM model by two domains of rotating mesh.

As a first step, only disk-shaped, axially magnetized NdFeB
PMs with a remanent flux density of B, = 1.4 T are considered
in the KEH. Eddy-currents in the PMs as well as in the steel
disk (cf. Fig. 2a) are neglected. An aluminum wheel with
100 mm radius, 45 mm axial length and 15 mm thickness
is used as MCS. The conductivity of aluminum is taken as
ko = 28 MS/m for the FEM simulations, which is the mean
value of the tolerance band specified by the manufacturer (cf.
Table I).

Unlike in the case of the 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 con-
ductors in slots therein) do not exist in the analyzed setup. In
Fig. 4, the PM flux and the induced current in the MCS are
depicted for a cross section of the system as result of a FEM
simulation. It can be seen that current is mainly induced in a
skin depth in the millimeter-range. Hence, the force acting on
an infinitesimal element of the MCS can be calculated based
on the volumetric Lorentz force density

ﬁorcntz = ; X g (1)

Accordingly, the primary (KEH) and secondary (MCS) me-
chanical powers are obtained by the multiplication of the
volume integral of the torque-generating force components

TABLE I: TEST SETUP PARAMETERS.

Parameter Variable KEH (1) KEH (2)

KEH PM center radius 71 15 mm 25 mm

PM radius Tm 7.5 mm 15 mm

PM height hm 2 mm 5 mm

Steel disk thickness hre 5mm 6 mm

Qty. of PMs npm 4

PM grade N48M

PM coercivity® He, 1035 A/mm

PM remanence® B: 14T

PMs volume Vinag 1.4cm’ 14cm’

MCS radius T2 100 mm

MCS length lo 45 mm

MCS thickness ho 15 mm

MCS material Al: EN AW-6082 (Ac-112)

MCS conductivity” K 24...32MS/m

MCS permeability L2 Lo

MCS surface speed V2 5...15m/s

Air gap g 3...15mm
Nominal operation parameters

Air gap g 3mm 12 mm

MCS surface speed V2 10 m/s

Overlap lov 10.3 mm 8.7mm

“ Datasheet value.

with the specific rotational frequency

i (8) = s G / (7 = Toi) X frorentzdv, (@)

Vmcs

where ¢ € {1,2} denotes KEH or MCS, €&,y ; is the unity
coordinate vector of the axis around which the torque is
calculated and (7 — Tay,;) denotes the vector distance of the
integration point to the torque axis.

It has been observed that the volume integration of the Lorentz
force density shows better numerical stability compared to
a torque computation based on the surface integration of
the Maxwell’s stress tensor, which is a well-known torque
calculation method for FEM simulations. On the other hand,
a different torque calculation method may be required in
applications where the MCS is made of a magnetic material
and the calculation of the cogging torque is of importance.

Fig. 5 shows 3-D FEM simulation results for KEH (2) accord-
ing to Table I with npy = 4 magnets. Lorentz force vectors
acting on the MCS are depicted in Fig. 5a for two different
KEH positions. KEH and MCS powers are plotted in Fig. 5b
as a function of time. Since a full mechanical rotation covers
4 power periods, it is sufficient to analyze 360°/npy = 90° of
KEH rotation only. Moreover, the first 45° of KEH rotation
after the start of the simulation is disregarded as it is dedicated
for allowing the numeric solution to reach its steady state.
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Fig. 7: Torque generation with constant MCS surface speed vy =
10 m/s. Measurements and simulations show that torque is increasing
linearly with decreasing rotational frequency of the KEH w; when
the MCS surface speed v2 is kept constant. An increase in air gap
g from 12mm to 15 mm leads to a more flat torque build up curve
and consequently to less harvested power. KEH (2) (cf. Table I) is
utilized for the measurements/simulations.

III. TEST SETUP AND MEASUREMENT RESULTS

Two KEH prototypes are built in order to verify the operating
principle qualitatively as well as the 3-D FEM simulations
quantitatively. Fig. 6 depicts the hardware test setup with
KEH (2) disk (cf. Table I) mounted. Moreover, Table I lists the
main parameters of the test setup and the two KEH prototypes.
The measurement setup allows to adjust the MCS speed (v2),
the air gap (g) and the overlap (/o) in wide ranges. An off-the-
shelf, three-phase BLDC machine is used as generator. For the
measurements conducted in this work, the power electronics
interface is omitted and the generator is loaded using a variable
resistive load (Ry).

A. Harvested Power and Input Power Measurement

Clearly, the harvested power (F;) and the input power (FPs)
are calculated as
PL' = Tz s Wi, (3)

with ¢ € {1,2} denoting KEH and MCS respectively, where
rotational frequencies w; are measured impulse-based and the
torque 75 on the MCS is measured as reaction torque on the
generator with a lever and spring scale system. However, the
torque 77 harvested electromechanically by the KEH cannot
be obtained directly in the current setup. Instead, the power
and torque harvested by the KEH (P; and T}) are obtained
from electrical measurements.

TABLE II: GENERATOR PARAMETERS [23].

Parameter Value
Rgen 4.50Q
Ut nom 48V
It nom 1.4A
Tnom 64 1 Nmm
Wnom 851.4 rad/s

For an accurate estimation, the losses in the generator and in
the bearing support of the KEH (cf. Fig. 6) must be taken

14 f|— P1 on KEH g=12mm O .
— P,on MCS o
12 | ; . (o] 1
O Simulation o o
10 H X Measurement .
g=15mm .
—~ 8 F -
3 W
L6 1
4 f 242 W .
g=12mm
2 - -
g=15mm
0 1 ) 1 1 1
0 25 50 75 100 125 150
o, (rad/s)

Fig. 8: Measured power extraction with KEH (2) (cf. Table I) for vo =
10m/s and lo,, = 8.7mm. E.g. a remote sensor could be supplied
with the extracted power of (P > 2.4 W), which is harvested over an
air gap of g = 12mm. 'x’ denotes measurement points, solid lines
are fitted curves.

into account. Given the RMS voltage U; and current /; at the
generator’s terminals, the power input to the generator can be
expressed as

Rnd = (U1+Rgcn-[1)117 (4)

if the generator coil resistance Rge, is known (cf. Table II).
Moreover, iron (core) and bearing losses of the generator
P gen1 must be accounted for. I gen1nom can be obtained
from the generator’s datasheet parameters (cf. Table II) for
the nominal load point as

- Tnom Wnom » (5)

with the nominal torque 7},,,, and nominal rotating frequency
wnom- In a simple, yet accurate approach (as will be confirmed
later), P} gen1 is assumed to depend linearly on the rotational
frequency. Therefore, an accumulated generator loss torque

Pl,genl,nom = P)ind,nom

Ti gen = Prgentmom /w0, = 4.5 Nmm (6)
is estimated.

Th = 6.5Nmm is assumed as the friction torque for the
bearings (two bearings of type 608-2Z) supporting the KEH,
according to the bearing manufacturer’s data [24]. Therefore,
the electrical power measurements are corrected by a total loss
torque of

TfrJrloss = Tll,gen + Tfr =11 Nmm . (7)

Finally, the harvested torque is calculated as
]Dind
w1

T, =

+ Tfr+loss . (8)

B. Torque and Power Build Up

Simulation and measurement results with two different air gaps
are presented in Fig. 7 and Fig. 8. Power extraction of P; >
2.42W is achieved with KEH (2) (cf. Table I) over an air
gap of 12mm for a MCS speed of vo = 10m/s. With the
introduced compensation of loss torque on the measurement
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Fig. 9: Influence of overlap (lov) on the MPP operation. Power and
efficiency results for the MPP are extracted according to Sec. III-C
from measurements and a total number of 140 3-D FEM simulations.
For small overlap values, the coupling between KEH and MCS
gradually increases, also Pypp increases, while the efficiency nvpp
drops weakly. With the system under consideration, maximum power
can be extracted with o, ~ 14 mm and increasing the overlap further
is not favorable since both efficiency and power decrease in this
region.

data, it can be observed that measurements and results of 3-D
FEM simulations are matching for a range of KEH rotational
frequencies w; and air gaps g. Therefore, it can be inferred
that the time transient 3-D FEM models described above can
be used to model the proposed KEH structure accurately.

C. Maximum Power Point (MPP)

For the further analysis of the given energy harvesting system,
it is valuable to analyze the Maximum Power Point (MPP) for
a given set of operation parameters (g, vz, lov), With respect
to the KEH rotating frequency w;. Based on the results given
in Fig. 7, one can infer that the torque 77 on the KEH can be
modeled as linear function

T = Tmax — k11 w1 5 )

where Th,.x and ki can be identified by at least two mea-
surements and/or simulations with different w;. Similar to the
maximum power transfer theorem for linear electric networks,
the maximum KEH power can be calculated as

T2 ax
Pypp = —5 . (10)

Furthermore, the results depicted in Fig. 8 show that the power
input at the MCS can be approximated as a linear function in
a similar way,

ey

where P, 1, and kps are again identified by at least two mea-
surement and/or simulation points with varying w; . Finally, the

P2 = P2,max - kPQ w1,

6 Y T T T T T T T T
5 \ X Measurement

% 4t C\,\l\Ng-l,zs -~ Simulation

Q,E 3F J
2r J
1r J
0 1

0 1

— 30 X

E 0l oo % ¥ % X o]

< 10 r :
0

0 1 2 3 4 5 6 7 8 9
g (mm)

Fig. 10: Influence of air gap on energy harvesting. Clearly, extracted
power decreases monotonously with increasing air gap, whereas little
influence on efficiency can be observed.

system’s efficiency at the MPP can be calculated as
T2

max

PP = 4 (PQ,max le - Tmax kPQ) '

12)

D. Impact of Operation Parameters

It is well understood that the width g of the air gap influences
the performance of an eddy-current-based electromechanical
energy harvester significantly. As shown in [18,25], the air
gap is indeed a limiting factor for electromechanical energy
harvesting. As briefly discussed in Sec. II and shown in
Fig. 5, different angular rotor positions of the KEH lead to
different conditions for torque build up and harvested power.
For certain PM positions, it could even occur that insignificant
or no power is harvested, while a braking torque acts on the
MCS only. Therefore, it is not clear a priori how a variation
in overlap [, affects the maximal harvested power Pypp
and the efficiency nypp. In addition, the MCS speed wvo
also influences the harvester operation. In the following, the
influence of these operation parameters is analyzed with 3-D
FEM simulations and compared to measurements. The smaller
prototype KEH (1) with the nominal operation parameters
according to Table I is considered in the following, unless
otherwise specified.

Both simulations and measurements show that the maximum
harvested power Pypp depends on the overlap [,,. The
simulation results depicted in Fig. 9 predict a maximum at
lov &= 14mm. Measurement results agree very well with the
simulations up to lo,, ~ 11mm, although a discrepancy can
be observed around [, ~ 14 mm, which will be investigated
in future work.

For l,, < 14mm, the coupling between KEH and MCS
gradually increases, also increasing Pyipp, while the effi-
ciency nvpp reduces weakly. Above the maximum of Pypp,
therefore in the region [,, > 14mm, Pypp decreases again
and efficiency nypp drops significantly. The drop in the
efficiency is caused by increasing Lorentz force components
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Fig. 11: Influence of MSC surface speed (whose energy sources
the harvesting) on the system operation. Extracted power increases
stronger than linearly with speed. Both simulations and measurements
show that efficiency also increases with speed.

that contribute to the braking torque applying on the MCS, but
not to the KEH torque. Consequently, the region slightly below
lov < 14mm can be utilized to resolve the power-efficiency
trade-off according to the application at hand.

With the provided hardware setup, measurements in the air
gap range 2mm < g < 5mm, given in Fig. 10, indicate that
the proposed electromechanical energy harvesting is capable
of operating with a comparably large air gap. A remarkable
power of Pyipp ~ 1.5 W can be harvested electromechanically
over an air gap g = 4 mm, which is twice the magnet height
hy = 2mm. Simulation results show an estimated power
scaling over air gap of Pypp o< ¢~ '8 in the air gap range
2mm < g < 6mm. This power scaling indicates a better
performance for large air gaps of the proposed system in
comparison to previously discussed electromechanical energy
harvesters, where the harvested power scales with approx.
P o g—2 [18,25]. With decreasing air gap, i.e. values smaller
than the magnet height (¢ < 2mm), Pypp increases less than
expected. Air gap reluctance is not dominating the build up
of flux for small air gap, but the reluctance path in the MCS
limits the generation of Lorentz force and harvested power.
For very large air gaps (g > 71/2), harvested power vanishes,
since the PM flux closes unfavorably between the magnets
in the air gap and not over the MCS. Moreover, it can be
observed that air gap hardly affects the efficiency nyvpp, as
simulations show a variation < 2% over the investigated air
gap range 0.5 mm < g < 9mm.

As the proposed system harvests the kinetic energy/power of a
MCS, its surface speed v9 clearly affects the level of harvested
power. Similar to the previous considerations of overlap oy
and air gap g, simulations and measurements were conducted
over a speed range, and results are shown in Fig. 11. For
a speed range vo < 15m/s, a scaling Pyipp v2_1'78 is
estimated based on simulation results. Also the measurement
results are in good accordance with the estimated scaling
and simulation results. Surprisingly, a major influence of
speed vy on the efficiency nypp can be observed. In the

speed range, which is interesting for the proposed harvester,
v < 28m/s ~ 100km/h, a linear scaling of efficiency with
speed mypp o vg is suggested by simulation results. Task of
future research is to gain further insight how vq affects nyipp
and to confirm the simulated efficiency over the full speed
range with measurements.

IV. CONCLUSION

A novel type of Kinetic Energy Harvester (KEH) of a contact-
less axial-flux permanent-magnet electromechanical Energy
Harvesting System (EHS) is presented for watt-range power
harvesting from a Moving Conductive Secondary (MCS). The
proposed new arrangement of the KEH enhances the magnetic
coupling between the harvester and the MCS compared to
earlier designs [15-18]. 3-D time-transient FEM models are
developed for modeling and optimization of the KEH, and
two prototypes are manufactured in order to verify the op-
erating principle qualitatively as well as the FEM simulation
models quantitatively. Measurements show a power of 2.42 W
harvested from an aluminum surface moving with 10 m/s, over
12 mm air gap using prototype KEH (2) with ~ 14 cm® magnet
volume.

Simulations and measurements demonstrate that the proposed
EHS allows to supply watt-range remote sensors and actuators.
Especially the ability of the proposed KEH for harvesting over
a wide air gap (¢ = 12mm) allows to encapsulate the system,
such that power can be harvested also in harsh industrial
environments.
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