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Abstract
One of the biggest challenges in structural health monitoring for rotor blades in wind turbines is
to provide enough energy to power wireless sensor nodes. Batteries are not an adequate solution
due to their limited lifetime and conventional cabling fails due to the rotation of the rotor blade.
Therefore, we present an electromagnetic energy harvester that is specifically designed to be
operated inside rotor blades and can generate a sufficient amount of energy. It uses the changing
gravitational force vector to move a permanent magnet in a tube and converts this mechanical
into electrical energy by coils arranged around the tube. Finite element methods simulations
were performed to estimate the generated energy and an extensive parameter sweep of several
key design parameters provided guidance for an optimized performance of a prototype. This
device was characterized in the lab followed by a field test in a wind turbine where it was
operated for several days and provided a continuous and rectified power of 6 mW, enough to
power conventional wireless accelerometers, typically used within a predictive maintenance
concept for the vibrational monitoring of rotor blades.

Keywords: energy harvester, electromagnetic, wireless sensor node, rotor blade, wind turbine

1. Introduction

The request for sustainable energy sources has led to the rapid
growth of wind energy as a viable alternative to conventional
power generation. Therefore, wind turbines have evolved sig-
nificantly over the last years to harness wind energy more
efficiently. In this context, the integration of wireless sensor
networks within wind turbine rotor blades has emerged as a
most promising approach for enabling predictive maintenance
[1], monitoring structural health [2, 3], and for optimizing the
overall output performance [4, 5]. However, powering these
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sensors poses a particular challenge due to the remote and
often inaccessible nature of turbine locations.

To address this challenge, typically two types of energy har-
vester designs are investigated: resonant and rotational energy
harvesters. Resonant sensors usually use cantilever like struc-
tures which are tuned so that their resonances match the occur-
ring frequencies of the underlying vibrating structure [6, 7].
Considering that every rotor blade has a unique vibrational
spectrum which changes due to aging, wear or accidental
events like lightning or icing [8–11], the use of resonant energy
harvesters, which usually have a very limited bandwidth, is
very challenging. Therefore, rotational energy harvesters seem
more versatile and better suited for this task.

The energy of a rotational movement cannot be directly
used and must be converted into another form. One way
is to convert the low frequencies into higher frequencies,
also known as frequency up-conversion, and excite a reson-
ator at these higher frequencies. The resonator converts the

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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kinetic into electric energy using either piezoelectric [12–15]
or electromagnetic [16–19] transduction. Other researchers
tried to convert the rotational into a linear motion and then
use a combination of magnets and coils to generate electrical
energy [20, 21].

However, most of these energy harvester designs are
tailored to the specific requests of the targeted application and
it is difficult to transfer a given harvester design to other applic-
ations. Especially, the conditions such as very low rotational
frequencies or high centrifugal forces present in the inside
of the rotor blades of wind turbines make it difficult to find
suitable designs. Together with the need for power genera-
tion of several tens or hundreds of milliwatts to power a wire-
less sensor node as shown in this study, an energy harvester is
requested fulfilling all these requirements.

In this paper we propose a sophisticated design of an
electromagnetic energy harvester which is easily scalable in
terms of energy generation. The paper is structured as fol-
lows: section 2 delves into the design considerations for an
electromagnetic energy harvester tailored to wind turbine rotor
blades. Section 3 analysis the performance and characterist-
ics of our design by FEM simulations. Section 4 presents the
experimental setup of the proposed energy harvester. Finally,
in section 5 the energy harvester prototype is characterized first
in lab and then under real-world conditions and comparisons
of the results are made.

2. Energy harvester design considerations

The first step in designing the energy harvester was to estim-
ate the amount of energy it has to produce. Therefore, the
characteristics of commercially available sensor nodes was
researched. Table 1 gives an overview of several commercially
available autonomous accelerometer systems, used for vibra-
tional condition monitoring.

For such continuously measuring battery-powered sensor
nodes, the up-time depends on the sampling rate and on the
transmission power resulting in values between 50 and 6000 h.
To get a better understanding, the power consumption Pc of a
G-Link-200 sensor node wasmeasured as a function of sample
rate and transmission power Pt, shown in figures 1(a) and
(b), respectively. Depending on the targeted bandwidth of the
vibrational spectra to be measured, the power draw reaches up
to 50 mW for a transmission power of 0 dBm.

When harvesting energy in a rotor blade, one must consider
that each rotor blade has its own characteristics in terms of
e.g. vibrational frequency spectrum, size or rotational velocity.
This makes it difficult to design an energy harvester working
under these different conditions. However, one commonality
inside a rotor blade of all wind turbines is, that the gravita-
tional force acting on an object changes its direction periodic-
ally, depicted in figures 2(a) and (b). This boundary condition
was taken as the basis for the design and the hardware devel-
opment of the energy harvester.

The core element of the EMHE is a permanentmagnet (PM)
which is accelerated by the slowly rotating force vector (grav-
itation) FG, whereas the trajectory of the PM is restricted to a
linear movement by a guiding tube. This guiding tube is loc-
ated tangential to the rotation circumference (see figure 2(c)).
One or several coils are wound around the guiding tube, which
convert the changing magnetic field caused by the moving PM
into electric energy via Faraday’s law of induction.

The mounting direction of the guiding tube is an important
detail. It must be perpendicular to the direction of the centri-
fugal force FCF. Otherwise, the magnet would get pulled into
the direction of FCF and stay there, as FCF exceeds the gravit-
ational force when mounting the harvester further away from
the center. The exact distance depends on the rotational speed
and can be estimatedwith r= g0

/
ω2, whereasω2 is the angular

velocity of the harvester and g0 is the gravitational constant.

3. Finite element methods model

To estimate the generated output characteristics and the influ-
ence of various coil circuit designs, finite element method
simulations were performed with COMSOLMultiphysics 5.5.
To reduce the simulation time, a simplified 2-dimensional
axisymmetric model was implemented which can be seen in
figure 3. It consists of the PM (1), several coils (2), and two
separated regions—one surrounding the magnet and its pos-
sible trajectory (3), the other one surrounding the coils (4).
The symmetry axis (5) is marked in red.

The movement of the PMwas realized by a time-dependent
study combined with a moving mesh, provided by COMSOL.
The area (3) was set to free deformation, and a prescribed
mesh displacement dZ in z-direction was applied to the magnet
given by equation (3-1), representing the acceleration due to
Gravitation,

dZ =−1/2
√
g0t2f (3-1)

whereas g0 is the gravitational constant with a value of
9.8067 ms−2 and f is an experimentally evaluated dimension-
less factor representing the frictional forces between the PM
and the tube wall. The time-dependent study was set to a range
of 0− 0.6 s, with time steps of 0.0001 s and a relative solu-
tion tolerance of 0.0001. Each coil was linked with an external
voltage sourcewithin the electric circuit component represent-
ing the induction voltage. The exact circuitry and device vari-
ations are described in the results section. A resistor equaling
the inner coil resistance was connected as load to adjust for
maximal generated power. As the load resistor value has to
be defined before running the simulation, and the coil resist-
ance is only simulated during simulation a precalculated resist-
ance value was used, calculated by using equations (3-2)–(3-5)
for a coil with n= 1 and m= 1,2 . . .4 windings, according to
figure 3(b)
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Table 1. Specifications of exemplary commercially available sensor nodes.

Sampling rate ADC Transmission Transmission protocoll
Name Hz bit range m Battery life — Measurement type

VibeSense 500–4000 16 Up to 30 Up to 80 h Bluetooth Continuous
G-Link-200 1–4096 20 Up to 2000 51–6000 h LXRS Continuous
ALTA 10–200 — 6096 22d@10 min, 266d@2 h Proprietary Heart beat
Fluke 3563 0–1000 24 100 365d@10 min 2.4 GHz ISM/IEEE 802.15.1 Heart beat

Figure 1. Power consumption of a LORD G-Link-200 as a function of (a) sample rate and (b) transmission power.

Figure 2. (a) Wind turbine with the marked rotor blade, where the energy harvester (EH) will be installed. (b) Alignment of the EH within
the rotor blade. (c) Movement and forces acting on the EH from a point of view outside the rotor blade. (d) Detailed design of the EH.
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Figure 3. Simplified model of the energy harvester used for finite element method simulations.

Rn=1,m=1 = ρ

2π
(
dT/2+

dW/2

)
d2Wπ/

4
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(
1dT
d2W

+
1
dw

)
(3-2)
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2π
(
dT/2+

5dW/2

)
d2Wπ/

4


= 16ρN

(
3dT
d2W

+
9
dw

)
. (3-4)

The overall coil resistance was finally calculated by the
expression:

Rn=N,m=M = 16ρN

(
MdT
d2W

+
M2

dw

)
. (3-5)

With N being the number of windings in x-direction andM
being the number of windings in y-direction, ρ is the resistivity
of copper, dw is the wire diameter and dt is the tube diameter,
all shown in figure 3(b). This estimation presents a conservat-
ive way to calculate the coil̀ s resistance. More sophisticated
methods, including random or helical winding can be found
in [22].

4. Experimental details

The main parts of the EH prototype are shown in figure 4. The
tube and the endcaps were fabricated by a 3D printer of the
type Prusa MK3S with an RS Pro polylactic acid filament.
The PM was a combination of several commercially available
NdFeB magnets. The coils were fabricated with a self-made
coil winding machine and an isolated copper coil wire. To

soften the fall of the PM, end magnets were fixed into the end-
cap, whereas the magnetic field of the end caps was opposing
the field of the PM. The exact dimensions of the single parts
can be found in table 2 at the end of this section. A detailed dis-
cussion about the PM magnet configuration and the coil num-
ber and circuitry can be found in the results section.

The prototype consists of two tubes with two PM and 18
coils on one tube and 12 coils on the other. The coil was cre-
ated with a coil winding machine to the exact length and wind-
ing number obtained by the FEM simulations. All details of
the coil can be found in table 2. The parts were fixed onto a
wooden plate which then was glued into the rotor blade. The
read out was realized by a Raspberry Pi 3 with a data acquisi-
tion boardMCC118DAQ fromMCMeasurement Computing,
connected to a 15× 3000mAh 18 650 Li-Ion batteries for stan-
dalone measurements in a rotor blade, shown in figure 5. The
output of the energy harvester was connected to a conven-
tional bridge rectifier and subsequently to an optimized load
resistor. The determination of the load resistor can be found
in chapter The DAQ board measured the voltage of the load
resistor which then was used to calculate the generated energy
E by using equation (4-1),

E=

ˆ
VR(t)

2

R
dt (4-1)

5. Results and discussion

First, the output voltage and energy of a single coil with a
single PM as a function of coil width and coil lengths are
characterized, followed by a discussion about different types
of multicoil interconnections and a combination of two mag-
nets. The last part of this section describes a prototype, which
was first characterized in the lab and then mounted into a real-
world wind turbine, where its output voltage and generated
energy were measured.

5.1. Coil dimensions

To optimize the generated power of a coil, its output voltage,
generated energy per fall of the PM and the number of turns

4
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Figure 4. Design and single parts of the energy harvester prototype.

Table 2. Dimensions of all single parts of the energy harvester.

Coil width wcoil 7 mm
Coil length lcoil 8 mm
Coil number x 18+ 12
Coil Resistance Rcoil 189Ω
Coil wire diameter dw 0.2 mm
Winding number Ncoil 2600
Load Resistance RL 5800Ω
Magnetic field strength BPM 1 T
Magnet size lPM xwPM xhPM 15× 15× 8 mm3

Tube length ltube 200 mm3

Figure 5. Photograph of the prototype indicating its main
components and mounted on a base plate having dimensions of
25× 25 cm2.

were studied by varying the coils length and width. Generally,
a higher number of windings leads to higher induction voltages
and up to a certain limit also increases the generated output
power. However, two effects counteract the increase in power.
First, the coil resistance increases with more coil turns, and
with the larger radius, the outer turns also have a higher res-
istance per turn. Secondly, the magnetic stray field of the PM
through the coil leads to lower induction voltage in the outer
turns of the coil. To estimate the optimal number of turns and

coil size, a FEM simulation with the model described above
was used with only one coil and a PM with a length of 8 mm
and a diameter of 15 mm.

Figure 6(a) shows the output voltage characteristics of
a coil with varying width. While the voltage continuously
increases the generated energies have a maximum at a coil
width of 7 mm, as can be seen in figure 6(c), which depicts the
generated energy and the according number of coil turns. This
can be explained by the decreasing magnetic field strength for
larger radii. At the same time the coils resistance increases
which each turn, whereas outer turns add more resistance due
to its higher radius.

Similar observations can be made when varying the coil
length, where the optimum for generating energy is around
16 mm, shown in figure 6(b). In longer coils the magnetic field
lines of the PM do not surround the whole coil and therefore,
less voltage is induced. Similar to the change in width, longer
coils also increase their resistance with each turn, which leads
to an optimum for the generated energy at a length of 16 mm,
shown in figure 6(d).

5.2. Magnet configurations and coil circuitry

This section studies the effect of combining several magnets
and interconnecting several coils to increase the generated
energy. A combination of several magnets of equal length
in series, as depicted in figure 7(b), does increase the gener-
ated output energy compared to a single magnet, due to the
higher magnetic field strength, especially when the coil length
is adapted to the length of the PM. However, an even higher
increase can be reached by combining two magnets in anti-
series, where equally polarized ends are placed towards each
other. Due to the strong repelling forces, a spacer with a length
of 22 mm was used, as shown in figure 7(c).

Additional to the magnet configuration, a single coil can be
replaced by a dual (or more) coil circuitry whereas the length,
distance and polarization of the coils are adapted to the dis-
tance between the two magnets, shown in figures 8(b) and
(c). The interconnections can be done in two ways—serial and
anti-serial, as shown in figures 8(a)–(c).

5



Smart Mater. Struct. 33 (2024) 055037 M Schlögl et al

Figure 6. Output voltage of a single coil with (a) varied width and (b) varied length and generated energy and coil windings as a function of
(a) width and (b) length.

Figure 7. Different magnet configurations. (a) Single magnet with a size of 15× 15× 8 mm2, (b) dual magnet and (c) dual anti-serial
magnet with a spacer length of 22 mm2 configuration.

Figure 8. (a) Single coil and the two different coil interconnections (b) in series and (c) in anti-series for the dual anti-serial magnet
configuration.

6
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Figure 9. Generated output voltages and energies of a single magnet in (a)–(c) and a dual anti-serial magnet configuration in (d)–(f). In (a)
and (d) the output voltage of a single coil and in (b) and (e).

Figures 9(a) and (b) show the induced voltages and (c)
the corresponding generated energies for a single magnet. In
(a) the magnet is moving through a single coil (I) and in
(b) two coils are used interconnected in series (II) and in
anti-series (III). The two-coil anti-series connection increases
the energy from ∼ 2 mJ for the single coil to ∼2.5 mJ.
Figures 9(d)–(f) show the same coil circuitries but for a
dual anti-serial magnet configuration. In all three cases, the
dual-magnets generated more energy, whereas in the case
of a two-coil anti-series connection (VI) the energy out-
put could be increased to ∼ 9.5 mW which corresponds to
a 60% increase, compared to the single magnet, single coil
configuration.

Other coil distances and interconnections are omitted here,
as they generate less output energy due to the mutual cancela-
tion of induced voltages.

Figures 10(a) and (b) show the simulated output voltages
and energies as a function of coil length for the dual coil circuit
in anti-series connection. Interestingly there are two maxima,
one at a coil length of 8 mm with∼ 22 mW and one at 20 mm
with∼ 23 mW. Theminimumbetween the twomaxima can be
traced back to the mutual cancellation of the induced voltages
of the two opposingly polarized magnets when they move
through the coils connected in anti-series. While the longer
coils generate more energy it also occupies more space along
the tube. When combining several of those dual coil intercon-
nections, then more coils can be placed along the tube which
will be termed a multi-coil setup in this work. Therefore, for
the prototype introduced in a later section, coils with a length
of 8 mm are used.

To investigate such a multi-coil setup the COMSOL model
was extended in several steps up to 18 coils as shown in
figures 11(a)–(c) for the first three steps (3, 6 and 9 coils).

Figure 10. (a) Output voltage of a dual coil setup in anti-series
connection for different coil lengths. (b) Generated energies and coil
winding number as a function of coil length.

Figure 11(d) shows the generated output energies as a function
of coil number. With each additional stage the total generated
energy increases.

7
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Figure 11. Circuitries for combination of (a) three, (b) six and (c) nine coils. (d) Generated energies and according load resistance as a
function of number of coils for a multicoil setup.

Figure 12. (a) Photograph of the prototype. (b) Output voltage of the prototype for different load resistor values. (c) Generated energy as a
function of load resistor value.

5.3. Prototype characterization and field test in a wind
turbine

Based on the results from the FEM simulations, an energy har-
vesting prototype was built, consisting of two tubes, two PMs,
and 18 + 12 coils, as shown in figure 12(a). The readout cir-
cuit and rectification are described in section 4 . The character-
ization in the lab was performed under optimized conditions,
whichmeans the tubewas turned from a horizontal to a vertical
position, fast enough so that the magnet would not start falling,
before the tube was not in a completely vertical position. This

results in a nearly free fall of the magnet, where the frictional
forces can be neglected. In the real-world scenario additional
frictional forces come into play, which will be discussed in
detail in section 5.4.

The optimal load resistance was determined by sweeping
the load resistance value from 560Ω to 8200Ω. This con-
firms the theoretically predicted value of a series intercon-
nection of all inner coil resistances resulting in RL = 30 ·
189Ω+Rrect ≈ 5.8 kΩ with Rrect representing the inner res-
istance of the rectifier. Figure 12(b) shows the voltages at the
load resistance for different resistance values and (c) shows

8
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Figure 13. Output voltage (in red) and measured accelerations (in green) of the prototype placed in the wind turbine for a time duration of
(a), (b) one hour and (c), (d) five seconds.

the accordingly generated energies as a function of the load
resistance.

The prototype was then taken to a real wind turbine and
installed in one of the rotor blades next to an acceleration
sensor of the type Lord G-Link 200. Figures 13(a) and (b)
show the output voltage of the EH in red and the acceler-
ation along the blade length measured by an accelerometer
installed next to the EH in green. A representative time frame
of one hour is presented, where a startup followed by an
emergency stop (for testing purposes) and another startup,
occurred. Figures 13(c) and (d) show one rotation of the rotor
blade with two double peaks. While the peak shape is similar
to the one measured in the lab, the peak duration is 2.5 times
as long and the peak voltage is half of the peak voltage meas-
ured in the lab. The reason for this will be discussed in the next
section.

5.4. Comparison

The electromagnetic energy harvester generated on average
6 mW at a peak voltage of 15 V during operation in the wind
turbine, whereas in the lab a peak voltage of 40 V and an
energy of 38 mJ per fall of the magnet was generated. This
translates to an average power generation of 25 mW if con-
sidering that the EH is used in a wind turbine with a rotational
frequency of 20 rpm. The reason for this difference is twofold.
First, the rotational frequency of the test turbine was 16 rpm—
a bit lower than the assumed 20 rpm. Second, the velocity of
the PM is reduced, due to frictional forces generated through
the slowly rotating guiding tube and the additional centrifugal
force. In contrast, the guiding tube in the lab is placed vertic-
ally, which minimizes the friction between the tube wall and
the falling magnet. Figure 14 shows the movement of the PM
and the tube in the lab compared to the movement in the rotor
blade. In the lab, the PM falls in a direct line from top to bot-
tom, accelerated constantly with 1 g with negligible impact

from friction, whereas in the rotor blade, the tube is slowly
turned from a horizontal into a vertical position. This creates
additional friction for the PMwhile accelerating, resulting in a
reduced acceleration and speed and hence, a reduced induced
voltage. The generated energy goes with the square of the
induced voltage, which explains the large difference in both
values.

Another question arising is how much energy could
theoretically be harvested under optimal conditions. For
this the potential energy of the PM can be calculated by
equation (5.4-1),

Epot = mPM · g0 · h. (5.4-1)

With the values for all terms given in table 3 the poten-
tial energy can be calculated to Epot ≈ 60 mJ. Compared to
the potential energy, the measurements in the lab and in the
wind turbine result in an efficiency of 63% and 15%, respect-
ively. These differences are most likely originating from addi-
tional friction between the PM and the tube wall as explained
before.

To compare this design of an energy harvester to other sim-
ilar designs the normalized power density pNPD can be used
which relates the generated power to its volume. In this case
the volume is approximated by a rectangularly shaped box sur-
rounding the outer edges of the EH. Another important char-
acteristic property is the frequency at which the EH is oper-
ated. Considering that the peak is approximately 0.2 s (com-
pare figure 14) long the peaks can occur with a frequency
of 5 Hz at which the generated power calculates to 110 mW
and pNPD,IB = 373.75µW cm−2. In figure 15 pNPD is plotted
as a function of frequency and compared with state-of-the-art
EHs from table 4. In the plot, the transduction principle is
indicated by colors, whereas green is for piezoelectric, blue
is for electromagnetic and purple is for a combination of both.
Additionally, the shape of the marker indicates the actuation
mechanism, where triangles indicate a continuous actuation

9
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Figure 14. Comparison of the movement of the guiding tube and the PM between lab- and field-measurements.

Table 3. Dimensions of important components of the energy harvester as well as the gravitational acceleration.

Mass of PM mPM 30 g
Gravitation g0 9.81 m s−2

Tube height h 20 cm
Potential Energy of PM Epot 60 mJ
Energy generated in lab Elab 38 mJ
Energy generated in wind turbine Ewt 9 mJ

Figure 15. Normalized power density as a function of frequency of various state-of-the-art energy harvesters with an electromagnetic or
piezoelectric transduction mechanism.

and squares and diamonds relate to a magnetic and a mech-
anical plucking mechanism, respectively. The plot shows that
electromagnetic non-resonant designs perform better under
low-frequency conditions, whereas piezoelectric harvesters

show higher normalized power densities at higher frequencies.
However, it must be noted that while they appear similar, our
EH is the only one specially designed for use in the rotor blade
of a wind turbine.

10
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Table 4. Overview of various state-of-the-art energy harvesters with an electromagnetic or piezoelectric transduction mechanism.

Nr. Author Year Transduction mechanism pNPDµW cm−3 pµW fRHz Actuation principle References

1 This work 2023 EM 374 6000 5 Continuous —
2 Tang et al 2011 Piezo 7 22.5 15 Magnetic plucking [23]
3 Wu et al 2017 Piezo 878 1230 25 Magnetic plucking [24]
4 Fakeih et al 2021 Piezo 22 38 12 Magnetic plucking [25]
5 Gu and Livermore 2011 Piezo 26 429 8.2 Mechanical plucking [26]
6 Jung et al 2013 Piezo 450 — 33 Mechanical plucking [27]
7 Wang et al 2020 Piezo 478 78 870 34 Mechanical plucking [28]
7 Xu et al 2017 Piezo/EM 44 769 13 Mechanical plucking [29]
8 Fan et al 2018 Piezo/EM 41 1500 6 Magnetic plucking [30]
9 Luo et al 2017 EM 256 — 8.5 Continuous [31]
10 Shen and Lu 2020 EM 748 — 4.5 Continuous [32]
11 Li et al 2019 EM 484 — 24 Continuous [33]
12 Nammari et al 2018 EM 133 — 15.5 Continuous [34]
13 Fan et al 2019 EM 98 — 7.5 Continuous [35]
14 Zhang et al 2019 EM 41 — 3.1 Continuous [36]
15 Luo et al 2020 EM 129 — 0.1 Continuous [37]

6. Conclusion and outlook

In this work, an energy harvester concept specifically designed
to power wireless sensor networks for the use inside a rotor
blade of a wind turbine is presented. Next, the device is real-
ized in hardware and evaluated both under lab conditions
and at real wind turbines. Additionally, extensive finite ele-
ment methods simulations with COMSOL were performed in
advance to estimate the optimized dimensions between the PM
and the coils. The prototype of the energy harvester provided
38 mJ of energy per fall of the PM during characterization in
the lab whichwould calculate to a continuous 25 mWof power
inside a rotor blade rotating with 20 rpm. During the field test
in a real-world wind turbine, however, the energy harvester
could generate only an average power of 6 mW. The reason for
this difference could be found in the additional friction due to
the slowly rotating rotor blade. The normalized power density
of the harvester was calculated to 374 µW cm−3 which is com-
parable to other state-of-the-art harvesters. All in all, the suc-
cessful operation of electromagnetic energy harvesters could
be demonstrated at wind turbines, paving the way for wireless
sensor nodes enabling a continuousmonitoring and hence, pre-
dictive maintenance of rotor blades.
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