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ABSTRACT We live in an electrified atmosphere where a potential difference of about 250 kV is established
between the ground and the ionosphere. The resulting potential gradient induces electric charges on the
objects immersed in the atmosphere, which are more significant in tall objects. Several works have identified
interferences to sensors in wind turbine rotor blades being attributed to electrostatic charging of blades. This
paper presents a novel experiment using vertical wires lifted by a drone to study the currents resulting under
fair-weather atmospheric conditions. Two current components are identified, one resulting in point/corona
discharge and the other related to the movement. Based on the experimental results, a model for predicting
induced currents on wind turbines is proposed, and estimates for thunderstorm conditions are made. The
results presented in this paper are important for designing the electromagnetic compatibility measures to
ensure the reliability of multi-megawatt wind turbines with blades equipped with active control systems and
higher use of sensors.

INDEX TERMS Wind turbine, induced currents, drones, atmospheric current, point discharge, space charge,
modeling, sensors.

I. INTRODUCTION
As the wind energy sector grows as a green and reli-
able energy source, considerable efforts are being made to
improve performance while lowering costs [1]. To reduce
maintenance costs, wind turbines are being fitted with a
myriad of sensors that help monitor their status, referred
to as condition monitoring systems (CMSs) [2]. Unfortu-
nately, those sensors are vulnerable to the harsh environment
that wind turbines have to withstand and are easily subject
to faults. The three most common types of sensor faults
are: short faults, or single-sample spikes in sensor readings;
constant faults, also called stuck-at faults, associated with
an anomalous constant offset at longer timescales and may
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indicate hardware malfunction; and noise faults when the
noise level is unusually high [3].

Additionally, as wind turbines become larger the loading
on the blades also increases [4]. Active flap systems (AFS) on
multi-megawatt wind turbines have been validated to reduce
the load impact on the blade and rotor and are expected to
be installed in the following years [5]. These systems use the
CMS sensors feedback to operate. Therefore, it is essential
to minimize the sensor’s faults in order to actuate the AFS
properly.

A frequent external cause of failure for CMS sensors is
damage from short-duration high current pulses from elec-
trostatic discharges (ESD) [6]. Depending on the conditions
and energy delivery by the ESD, the failure can be transient
or fatal for the sensor. In the case of wind turbine blades,
both under fair-weather and thunderstorm conditions, it is
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generally assumed that charging of the blade surface in the
presence of wind is responsible for ESD that can pose haz-
ards to sensors in the blade and cause interferences to other
sensitive systems [7], [8]. However, ESD is triggered mainly
by the electrification of the tall conductive structure when
exposed to atmospheric electric fields and does not require
wind presence. In addition to ESD hazards, this electrification
can lead to induced currents on tall structures that can produce
interferences in sensors, increasing the noise level or causing
false readings [9].

Current solutions to mitigate sensor faults rely on the
redundancy of sensors and fault detection algorithms as
described in [3], [10], [11], and [12]. In these works, different
methodologies based on statistical analysis are implemented
to determine if the readings of the sensors are correct. On the
one hand, this approach is powerful as it can remotely assess
the correct or faulty operation of the sensors, and this is an
advantage because sensors are typically placed in locations
that are difficult and costly to access. However, thismethodol-
ogy does not providemuch information on the cause of failure
and cannot effectively predict future failures.

To understand how wind turbine sensors are affected
by induced currents, it is necessary to understand their
operational environment under different weather conditions.
During thunderstorms, the electromagnetic environment can
lead to significant sensor-disturbances due to lightning strikes
or simply from the high quasi-electrostatic fields in the
presence of thunderclouds [13], [14]. However, since wind
turbines are very tall conductive towers, intense electric
fields can develop at the tips of the blades even under fair-
weather conditions [9]. That is because, under fair-weather,
the Earth’s atmospheric potential rapidly increases up to a
few tens of kilovolts below 200 m altitudes, as measured
by Hy-wire balloon experiments [15]. This potential drop
induces charge to grounded tall objects by electrostatic induc-
tion, where the maximum induced charge is found at the tip
of the grounded object. State-of-the-art wind turbines of more
than 10 MW can reach altitudes of more than 200 m. This
can result in electric field amplification at sharp edges [9],
leading to point/corona discharge [16]. In addition, there is a
periodic variation in the induced electrical charge due to the
movement of the rotor, which induces currents, as explained
in [9]. This same work presents an experimental study using
kites tethered by conductive wires to simulate fair-weather
induced charges and currents on the tall wind turbine. Exper-
iments are backed up by numerical simulations, concluding
that induced currents to 1.5MW and 5MWwind turbines can
be in the range of nA to µA. However, this study ignored
the possible occurrence of point/corona discharge and the
deposition of charge on the massive dielectric components of
wind turbines, which can lead to ESD-related risks to sensors
and personnel. These effects can be significant, as revealed by
experiments deploying cables with barrage balloons thatmea-
sured electric currents originated by point/corona discharge
on the cable ranging from microamperes to kiloamperes in
fair and thunderstorm weather, respectively [17].

To motivate how induced currents on vertical wires can
be used to model the wind turbine electrification process,
the different building elements of the wind turbine and their
relations will be reviewed in what follows. Wind turbines
can be considered electrically conductive from the tip of
the blade to the grounding system. Although blades are
made of non-conductive glass fiber, the standard addition of
carbon-reinforced components (e.g., spars) [18] as well as
the required Lightning Protection System (LPS) [19] ensures
the existence of a conductive path from the tip to the root.
For that reason, prior works used tethered kites [9], and
tethered balloons [17], to simulate the electrical behavior of
wind turbines. However, a significant shortcoming with both
platforms is the difficulty of maintaining a fixed position and
keeping the tether oriented in the vertical direction.

Nowadays, multirotor drones allow vertical flight and
hover (fixed-position) flight. The first experiments deploying
vertical wires by multirotor drones were reported in [20],
where we experimentally demonstrated that ESD on wind
turbines could be energetic enough to damage electrical sys-
tems in wind turbine blades and nacelles. Those experiments
revealed the potential, and relative simplicity, of the method
to further study the electrification of wind turbines under
different weather conditions. For that reason, we conducted a
series of preliminary experiments where we deployed vertical
conductors with drones to simulate wind turbines [21]. The
first set of experiments showed that using a drone allowed for
much better control of the wire position, geometry, altitude,
and vertical speed, compared to kites or balloons, for which
it is nearly impossible to ensure that the wire stays still and
vertical. This allowed to qualitatively study induced currents
in tall, grounded structures and charging on floating conduc-
tors. Results showed that two contributing factors to current
induction in wind turbines are the variable vertical position of
the blade tips moving at constant vertical speed as well as the
appearance of point discharge. Motivated by those qualitative
observations, this article presents quantitative experiments to
study wind turbine-induced currents for grounded blades and
makes use of the experimental data to elucidate the relative
role of the blade tips’ vertical speed and point/corona dis-
charge. Extension to wind turbines with electrically isolated
blades is left for future experiments. In addition, a model is
derived for predicting wind turbine-induced currents under
fair-weather conditions. It allows forecasting expected CMS
sensor noise levels and possible failures because of ESD and
high currents.

The paper is structured as follows. First, the experimental
setup and methodology are described. Second, results from
the experiments deploying vertical conductors are presented
and analyzed, revealing the relationships between altitude,
vertical speed, and induced current. Then the experimen-
tal results are compared to simple theoretical models to
derive amodel for predicting induced currents. Following, the
results and analysis are discussed in terms of implications for
wind turbines, and the model is extended for wind turbines
and thunderstorm weather conditions. Furthermore, potential
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hazards to people and CMS sensors are discussed. The paper
ends with the conclusions.

II. EXPERIMENTAL SETUP
From the base to the tips of the rotor blades, a wind
turbine can be modeled as an electrically conductive thin
wire [9]. This approximation applies even when some con-
ductive parts are covered with insulation components, such
as the down conductors hosted inside the insulating blades,
as the LPS ensures the existence of a conductive path to the
ground [18], [19].

In this paper, we propose a novel experimental method
that uses a thin conductive wire to represent the electrical
behavior of a wind turbine structure and down conductor
under fair-weather conditions. The experiment is designed to
measure induced currents on the wire while deploying it into
the atmosphere to experimentally simulate the electrification
mechanisms that affect a wind turbine with grounded blades.

The wire needs to maintain a vertical orientation to bet-
ter represent the wind turbine geometry under dynamic and
static conditions. The wire’s static and deploying conditions
need to be considered since wind turbines are affected by
atmospheric electricity both while moving (blades rotating)
or stopped [22]. The wire position and vertical speed are
accurately controlled using a multirotor drone that deploys
the wire upwards. Dynamically controlling the wire altitude
allows recreating the variable height of the tip of a rotating
wind turbine blade. Also, deploying different lengths of the
wire can represent different wind turbine heights.

The experimental setup consists of a conductive wire
stored in a spool with a shaft that allows the wire to be
unspooled when the drone exerts tension to it. The spool
is electrically isolated from the ground using a PTFE sup-
port, and one end of the wire is grounded through a pico-
ammeter (RBD 9103) while the other is attached to the drone
(Figure 2 and Figure 3). Electrically isolating the spool of
wire ensures that the measured induced currents can only
come from the grounded end, which is monitored, and not
from other unknown contact sources. The wire attached to
the drone is tied using 10m of electrically isolating Kevlar
wire. The 10m of Kevlar wire was selected to avoid the
drone’s rotors wind influence. This length was determined
experimentally by measuring the vertical air velocity with
an anemometer at the ground under the drone for different
flight altitudes. The measurements confirmed that the drone’s
airstream could not be detected for separation beyond 5m
between the drone and the tip of the wire.

The conductive wire used to measure the induced cur-
rents is an RG174 coaxial cable where the outer insulation
jacket and the ground braid have been removed, leaving
the inner copper conductor and its dielectric insulator. The
objective of keeping the insulator is to ensure that, in the
event of point/corona discharge occurrence, this discharge
would be located at the tip, such as was found in [15], and
not along the conductor length. The measured resistance of
the wire is 0.14�/m, determined as the average resistance

of 10 different sections of 1m of the wire, measured with a
34401ADigital Multimeter. The value measured is consistent
with that provided by the manufacturer, 0.1426�/m.

In an idealized manner, the geometry of the tip of the wire
emulates the sharpness of the wind turbine blade tip, and
the study of induced currents for different geometries can
inform how it can influence the electrification process. For
that reason, we use two different electrodes at the tip of the
wire attached to the drone: a sharp needle and a rounded
tip. The electrodes consist of a 3mm rounded steel rod and
a 0.5mm steel needle (Figure 1). Note that the radius of cur-
vature at the needle tip is significantly smaller than 0.25mm.
This is important for themodel simulation analysis performed
later in the article since point/corona discharge is expected
to occur at the tip. The use of different electrodes for the
tip and selection of their sizes was informed by observations
in [23], where sharp needles were found to start point/corona
discharge at lower threshold voltages than rounded ones. For
the flights reported in this paper, the electrode used in each
flight is indicated in Table 1.

FIGURE 1. Electrodes used on the tips of the wire. A – Rounded,
B – Needle. The tips are oriented vertically, pointing upwards.

The multirotor drone selected for the experiment is a DJI
Phantom 4 model. This model was selected because it has
enough thrust to fully deploy the wire (500g of payload) to the
altitudes of interest. It offers a flight autonomy of more than
15 minutes, which is sufficient for making current measure-
ments at different altitudes. Additionally, the drone’s position
control using GPS allows for pulling the wire vertically with
the required accuracy.

Alongside the measurements depicted in Figure 2, poten-
tial gradient measurements are performed in some of
the ground-level flights using an electrostatic field mill
(EFM113B) that had been previously calibrated in the
laboratory.

During the experiment, the wire is vertically unspooled as
the drone goes up, maintaining a straight vertical orientation,
and unwinds loosely on the floor on the way down. Therefore,
only measurements during the rising flight are used for the
analysis.

In terms of data logging, each sensor has its dedicated
acquisition system. All sensors save data independently,
which is later synchronized for analysis, as shown in the
results of this paper. The RBD 9103 pico-ammeter uses
the Actuel capturing software provided by the manufacturer.
The DJI Phantom 4 records all its sensors’ data onboard,
and this data is retrieved after the flight. From these
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FIGURE 2. Experimental configuration diagram.

FIGURE 3. Experimental setup, with the drone on the ground ready to
deploy the wire.

measurements, the drone’s altitude can be used to accurately
determine the wire tip altitude as a function of time and derive
the vertical speed. Electrostatic fieldmill data is also recorded
using a Picoscope 2204A oscilloscope.

In this paper, we present the results from 7 flights per-
formed over 3 different days from a total of 30 flights con-
ducted over 7 different days. The selection of experimental
parameters and number of tests performed was selected to

be able to reveal the dependencies between induced currents
with altitude and vertical speed while also recreating con-
ditions that would lead to current induction by point/corona
discharge. For that reason, we performed as many flights as
possible during the flight campaign, which was completed
when sufficient significant data was gathered to back up the
analysis. The experimental methodology followed is sim-
ilar to the Placket-Burman experimental design technique
described in [24], where the interdependencies of multiple
factors are studied using a limited number of experiments. For
example, using 12 tests, up to 11 factors could be studied if at
least 2 of the factors were present in each test. In our case, all
the factors (maximum of 5) are present in every test, and we
performed 30 tests in total, so based on the Placket-Burman
design, it should be enough data to back up our analysis. The
flights that are reported in the paper, out of the 30 performed,
are the ones that better summarize the observations, and the
results are representative of the other flights (not shown for
the sake of conciseness).

The flight experiments were conducted at a flat field in the
countryside in Catalonia at 336m of elevation above sea level.
The selected field was clear from interferences, including
tall obstacles and sources of electromagnetic radiation like
antennas that could affect the measurements. The flights were
scheduled in the mornings and early afternoon when calm,
or light wind conditions are more likely, to facilitate that the
deployed wire stayed vertical under the drone.

The step-by-step methodology of the experiment is as
follows. The first step before each flight is to initialize the
sensors and data-logging devices. Next, the wire spool’s
physical and electrical connections are verified to ensure a
proper physical connection between the wire and the drone
through the Kevlar wire and an electrical connection between
the wire and the pico-ammeter. After the drone takes off in
each flight, the wire is vertically deployed at various vertical
speeds controlled by the drone operator. During ascent, long
pauses at fixed altitudes are done, with the drone hovering at
a fixed position and holding the wire vertically. The hovering
time at fixed positions is determined by the operator who also
monitors the current induction on thewire. Hemakes sure that
there is no change in altitude while the transient induced cur-
rents are being recorded. Finally, before the drone’s battery is
depleted, the drone starts to go down, and thus the experiment
ends. The summary of the selected flights reported in the
paper is shown below (Table 1).

III. RESULTS
In this section, we first present an overview of the measured
currents in the wire during the flights. Then, we separately
focus on the currents at fixed-altitude hovering flight and
during ascending flight.

A. FLIGHT MEASUREMENTS
The 3rd and 4th flights are used as examples to depict
the general characteristics of the measured currents.
Flights 3 and 4 were performed the same day with a 2 h
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TABLE 1. Experimental flights reported in the paper. VPG stands for
atmospheric vertical potential gradient.

difference and the same tip. The main difference between the
two flights was the atmospheric electric field. The 3rd flight
started at 7:47 am, and the measured ambient vertical poten-
tial gradient (VPG) at the ground was about 40V/m, whereas,
during the 4th flight, which started at 9:28 am, the measured
VPG at the ground was around 120V/m. Figure 4 shows the
current timelines (yellow) for flights 3 (a) and 4 (b) for a
similar flight profile, the altitude of the tip above ground
(blue), and the vertical speed (green).

In general, we found that whenever the drone moves ver-
tically, there is an increase of the induced current as long
as the drone maintains a non-zero vertical speed (marker a);
and when the drone hovers at a fixed position (0 m/s speed),
the current is observed to either remain at approximately a
constant level or slowly decay (marker b).

The steady level current increases with altitude, so the
higher the altitude, the higher the current (compare levels in
markers c, d, and e). At the higher altitudes tested, the induced
current no longer remains constant, and instead, exponential
current decay is measured (marker f).

Comparing the current at the same hovering position
around 100 m (marker b): the quasi-steady current for the
3rd flight was around 28 nA, whereas, during the 4th flight,
the current increased to 400 nA. It can be concluded that
higher currents are measured at the same altitude when the
local atmospheric electric field is higher.

At altitudes below 100 m, the currents during hovering
positions do not present significant decay, whereas, above
100 m, we found that the decay becomes noticeable, mainly
when the atmospheric electric field is higher (flight 4). The
onset of the exponential decay happens at a higher altitude
for the 3rd flight (lower atmospheric fields), past 175 m.
This behavior is highlighted by marker f in Figure 3. In both
flights, the exponential decay has a comparable characteristic
time constant of ∼160 s.

Next, flights 6 and 7 will be used to investigate the effect
of the termination of the wire (electrode geometry) on the
measured currents. These flights were conducted sequen-
tially, and the ambient conditions are expected to be similar.
Figure 5 shows the currents for the two flights at around the
same hovering altitude (∼125-150 m). Figure 5a shows the
case with the rounded tip (A), and Figure 5b displays the case
with the needle tip (B). In the case of the rounded tip, the
current during the hovering position dropped to zero, likely
indicating the absence of point/corona discharge activity.

In the subsequent flight (Figure 5b), with the needle termi-
nating the wire, the current was of the order of 40 nA for the
same hovering altitude. Moreover, this current increased with
increasing hovering altitude.

Comparing these results with the flights from previous
days (3rd and 4th flights), the main difference is attributed to
the rounded tip, since at a hovering position of∼150m, there
is no induced current, whereas, for all other flights, a non-zero
current was measured. During the 3rd day of experiments,
when the 6th and 7th flights were performed, there were some
clouds in the sky, and the low VPG could explain that only
the sharp geometry of the tip concentrated enough charge for
the onset of corona discharge at the tested hovering positions.

B. TRENDS WITH ALTITUDE AND VERTICAL SPEED
As seen in the previous section, we observed two well-
differentiated sources of current induction: (i) induced cur-
rents at hovering fixed altitude positions and (ii) induced
currents during vertical ascent.

Figure 6 shows the average current measured at different
hovering positions for several flights. The different mag-
nitude, across different flights, for the same altitude can
be appreciated: in this case, attributed to differences in the
ambient VPG. All flights show a tendency to increase the
induced current with altitude up until a particular value,
after which the current decreases exponentially, as shown in
Figure 4 (mark f).

Figure 7 shows the induced currents against vertical speed
and altitude (color and size of the data points) for the
3rd flight. Similar behavior has been observed for the other
flights. Figure 7 shows that it is possible to have measured
currents of the same magnitude at different altitudes, depend-
ing on the vertical speed. For instance, currents measured
around 60m of altitude and 2.5m/s of vertical speed are
similar to currents measured around 100m and 0.5m/s. There-
fore, the induced current is both a function of altitude and
vertical speed, and similar currents can be achieved for high
vertical speeds at low altitudes and low vertical speeds at high
altitudes.

IV. MODELLING OF ATMOSPHERIC-DRIVEN CURRENTS
A. PARTIAL DISCHARGE CURRENTS
An electrical charge is induced in a static vertical structure
when exposed to the atmospheric potential in fair-weather
conditions. Due to the quasi-static nature of the atmospheric
potential, no currents will be associated with this effect.

Therefore, it is here hypothesized that the source for the
observed currents at steady level flight can be attributed to
point/corona discharge (PD). According to [25], the current,
iPD due to PD is given by equation (1).

iPD = Aε0uVp = Aε0kEaVp (1)

where A is a geometry-dependent non-dimensional constant
to fit, ε0 is the air permittivity, u is the absolute ion velocity,
approximated by the electric drift, kEa, with Ea the ambient
electric field and k the mobility of positive ions taken as
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FIGURE 4. Current measurements alongside vertical speed and altitude of the wire tip for the 3rd and 4th flights. (a) Corresponds to the 3rd flight with
VPG of 40V/m and (b) corresponds to the 4th flight with a VPG of 120V/m.

1.5·10−4m2s−1V−1 from [25].Vp refers to the potential at the
tip of the wire expressed as, Vp = Eah. The corona inception
voltage is here ignored.

Applying equation (1) to the 3rd flight where the measured
ambient field was Ea = 40V/m and using A = 125 to fit the
data since there is no upper limit for the coefficient in [25],
results in the estimated current (I predicted) in Figure 8.
As it can be seen, the model proposed in [25], predicts well

the steady currents for the first altitude (marker a), but for
higher altitudes, the rate of current increase does not match
the experimental slope.

Because the wire has a sharp needle tip on top, geometry
enhances the local electric field beyond the ambient value.
Rather than capturing all the geometry enhancement through
a constant A, we propose to use a corrected Vp where the
ambient field is substituted by the enhanced electric field at
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FIGURE 5. Steady height current measurements with different tips.
(a) Corresponds to flight 6 with a rounded tip and (b) to flight 7 with a
needle tip.

FIGURE 6. Current measurements for different flights at fixed altitude
hovering positions.

the tip.

Vp = Etiph (2)

The enhanced electric field at the tip, Etip, is obtained from an
electrostatic simulation in COMSOL Multiphysics software,
which is detailed in the Appendix, resulting in:

Etip = E0 · (3.106h+ 13.025) (3)

Note that formula (3) still does not capture all of the geometry
effects since the sharp tip is numerically approximated by a
spherical cap of the same radius as the wire.

Furthermore, to fit equation (1) with the enhanced electric
field at the tip of equation (2), the coefficient A needs to be
decreased from 125 to 0.35, being out of the range proposed
in [25], because most of the geometric effect is now contained
in Vp. The modified predicted current (noted as I enhanced)

FIGURE 7. Measured current against vertical speed (vz ) and altitude
(h, in meters) for flight 3.

appears in red in Figure 8, whereas the measured current is
shown in yellow. Only the periods during which the wire
is at a fixed-altitude hovering position are captured by this
source of current (markers a, b, c, d on Figure 8). The PD
current model accurately predicts the steady altitude currents
up to 175 m for this particular flight. Above this altitude,
when the current can no longer be considered constant, the
model fails to predict the current (marker d). The failure in
prediction is likely due to the neglection of the space charge
created by the PD that reduces the local electric field. The
formulation given by equation (1) assumes the absence of
space charge. It is hypothesized that as the local electric field
becomes stronger and the corona current increases, space
charge effects can no longer be neglected, and at some point,
the formulation starts to fail. Corona discharge produces a
space charge that would shield the tip of the wire, decreasing
the local electric field. At low currents, this contribution can
be neglected, but not so at higher values. The presence of a
strong corona has been confirmed in recent experiments, at
altitudes similar to the ones here studied, in a wire lifting
experiment [16], and similar current decays have also been
observed experimentally in the laboratory [26].

From the analytical point of view, the space charge effects
can be considered using the corona discharge model of [27].
In [27], a simplified analytical model for describing transient
corona discharge is proposed and is summarized in equa-
tion (4). In this model, the ionization zone is assumed to
coincide with the stressed electrode surface and is considered
an unlimited source of ions. As a result, the electric field on
the electrode surface is maintained at a threshold field for
corona inception,Ec, which is determined from the Townsend
criterion for self-sustained discharge ignition and is a function
of the electrode radius. The model considers a spherical soli-
tary stressed electrode and predicts the corona current iA in
time t .

iA ≈
2
√
2πε0
3

√
k
t

(
Vp − Vc

) 3
2 , (4)
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FIGURE 8. The induced current predicted from the PD model compared to
measurements during flight 3.

where Vc = Ech is the critical potential at corona discharge
onset and, in general, is dependent on the geometry of the
tip, and Vp = Etiph is taken as in equation (2). Again, k
the mobility of positive ions is taken as 1.5 · 10−4m2s−1V−1

from [25]. For this discussion, Vc is assumed to be much
smaller than Vp (particularly as altitude is increased) and is
here ignored.

Equation (4) is used to estimate the currents measured
during the 3rd flight. In Figure 9, results from the predicted
current by point discharge (I enhanced, red) and the ana-
lytical model (I analytical, in purple) are compared, similar
to Figure 8. I enhanced predicts the base current level for
hovering positions quite well (Figure 9 marks a, b, and c),
but only the analytical model captures the observed decay at
higher altitudes.

B. VERTICAL MOTION-INDUCED CURRENTS
This section considers the currents induced by the vertical
motion of the tip. In this case, the current results from the
increased induced charge as the wire penetrates the grow-
ing potential of the atmosphere. Therefore, the current will
depend on the speed of the ascending wire and the potential
difference between the wire and the atmosphere. Then, the
velocity component of the current ivel can be calculated from
equation (5).

ivel = C (h)Eavz (5)

where C(h) refers to the capacitance of the wire at different
altitudes, detailed in the Appendix. Ea is the vertical potential
gradient measured at the ground and the vz is the vertical
speed of the tip.

We will use the 5th flight to compare the measured current
with the current calculated using equation (5) due to the
absence of PD currents. In this case, assuming that PD does
not occur during the ascending parts of the flight, the nature
of the current would be only related to the change in altitude.

In Figure 10, it can be observed that the model, in general,
predicts well the trends and magnitude of the current.

C. SUPERPOSITION OF CURRENT COMPONENTS
Combining models from (1) and (5), as a sum of contributing
factors that induce current into the wire, the combined model

FIGURE 9. Comparison between experimental and analytical decay
formulations for flight 3.

FIGURE 10. Predicted current from the vz model compared to measured
values during flight 5.

FIGURE 11. Full model, induced current prediction with PD combined
with equation (5) for vertical speed. Flight 3 case.

is given by:

i = iPD + ivel (6)

which applied to the 3rd flight, shows good agreement and
captures the trends, Figure 11.

The superposition of the twomain sources of current induc-
tion gives a very good prediction of the total induced current
on the wire, but the formulation fails to capture the current
decay due to the space charge accumulation nearby the tip of
the wire.

To address this, and as seen in Figure 9, the analytical
formulation for predicting currents at hovering positions does
predict the current decay at higher altitudes. Combining
(4) for hovering positions with the vertical speed induced
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currents (5) results in the equation,

i = iA + ivel . (7)

Figure 12 shows predicted currents (purple) when applying
(7) to the 3rd flight. Combining the analytical model and
the electrostatics for the vertical speed induction predicts the
induced currents on the wire very well. The decay constants
predicted diverge from the measurements at high altitudes,
but the magnitude of the current and overall behavior is well
captured.

FIGURE 12. Full model, induced current prediction combining the
analytical model and equation (5) for vertical speed. Flight 3 case.

V. DISCUSSION
A. IMPLICATIONS FOR WIND TURBINES
As stated in the introduction, wind turbines are tall structures
with a large portion of their length in rotation. This translates
into the blade tips constantly changing their altitude.

As it has already been observed [23], tall structures under
fair-weather with relatively low potential gradients induce
low currents due to point discharge phenomena, which is
also dependent on the sharpness of the tip. Additionally, for
wind turbines, a second source of current induction is present
because of the rotation of the blades, as revealed in these
experiments. Altitude variation, at a certain speed, proved to
induce higher magnitude currents than point discharges and
therefore is expected to dominate current induction in wind
turbines compared to steady tall structures.

Indeed, measurements on a wind turbine under fair-
weather conditions (personal communication) showed cur-
rent levels for a static blade around 20nA (for a wind turbine
of 100m height), comparable to the levels measured around
100m altitudes in the experiments done with wires.

When comparing field data for actual wind turbines to
the wire experiments, the proposed flight experiment and
methodology are a good proxy for simulating a wind tur-
bine’s electric response to the ambient VPG, and similar
order of magnitude induced currents and trends have indeed
been observed in the field. These experiments could be an
inexpensive option for determining the risks to new sensors
on wind turbines before they are actually installed, reducing
the testing costs, i.e., complementing with experimental data
numerical studies such as [28].

Additionally, measured induced currents are helpful to
consider as a noise source when instrumentalizing wind
turbines with sensors. From these studies, expected noise
magnitudes could be estimated and introduced as an input
to network-based remote wind turbines CMS, as the ones
described in [3], as additional environmental information to
be considered by their predicting algorithms [29]. A limita-
tion of these experiments is that they are only valid to simu-
late grounded blades. Some wind turbines have electrically
isolated blades, which make the blades behave as floating
conductors. Recent experiments have shown that the behavior
of PD from electrically-isolated electrodes can indeed be
very different from the behavior of grounded systems [30].
The experimental platform will be modified in the future to
consider electrically-isolated blades.

The main advantage of this experimental technique is that
it provides experimental data for induced currents on wind
turbines using a method that is fast and economical. It should
not be viewed as a substitute for modeling software but rather
as a complement that could also be used for validation studies.

From a scientific perspective, this experimental technique
could also be used to gather atmospheric electricity measure-
ments. The use of drones could improve the current meth-
ods used [31]. Deploying a conductive wire with a drone is
practical for current atmospheric measurements, like the ones
performed in the past with balloons and kites. However, the
use of drones allows for better position and altitude control
of the wire than previous techniques based on balloons and
kites [9], [15]. The only disadvantage compared to other plat-
forms is that the drone flight autonomy limits the experiment
duration.

Moreover, a racing drone with higher vertical speed
capabilities (around 35m/s) might be able to recreate
lightning-triggering experiments, normally conducted using
rockets [32], possibly with higher control over the wire
deployment speed. Deployment of the wire at high speeds
allows to physically simulate lighting streamers or even lead-
ers if the discharge is fully triggered.

B. INDUCED CURRENT MODEL FOR WIND TURBINES
UNDER FAIR-WEATHER
In this section, the complete current model in section section
IV.C is adapted to predict currents on wind turbines using
expressions (6) and (7).

Current expressions (1) and (4) will be similar for the
PD current contribution, with a few caveats. The geometry-
dependent constant, A in equation (1), will depend on the
blade’s geometry and will result in a different field enhance-
ment. The corona inception threshold in equation (4) will also
need to be revisited. For this discussion, the most notable
difference is in the Vp parameter defined in (2). Whereas the
wire is in a vertical motion, the blade is in rotational motion,
so h, the blade tip altitude, is defined as,

h = l + Rcos(θ ) (8)
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where l is the nacelle altitude and R the blade’s length; the
definition of these parameters is also shown in Figure 13.
All other parameters are here selected to be the same as for
the wire experiment.

For the motion-induced current, formula (5) representing
the vertical speed induced current, needs to be adapted to
reflect the capacitance of the wind turbine geometry, C ,

C = Ch(R+ l) (9)

whereCh is the capacitance per meter of the blade experimen-
tally determined, and the experimentally determined value for
the wire used in these experiments, 8.58pF/m, will be used
as a first estimation (see Appendix).

Finally, the blade tip vertical speed can be defined as,

vz =
π

30
nRsin(θ) (10)

where n is the angular velocity of the wind turbine in
rpm, which following Figure 13 definitions, corresponds
to ω = π

30n.

FIGURE 13. Wind turbine geometry reference.

The main difference when using the formulation given by
(6) and (7) is that (6) does not account for the presence of
space charge, but (7) does; e.g., it accounts for the shielding
effect from the emitted ions, limiting the induced currents.
In the case of rotating wind turbine blades, the motion of
the blade ensures that it escapes the shielding effect of the
emitted ions, as explained in [14]. For this reason, we propose
(6) to be a better model for predicting currents of rotating
wind turbines, as it ignores the presence of space charge.
If the wind turbine is not in motion, (7) becomes a better
model for predicting induced currents as the shielding effects
of the space charge are accounted. These models are tested
for possible wind turbines up to 200m high, as that was the
maximum height reached with the experiments to support the
model.

The results from applying (6) accounting for wind turbine-
modified parameters and conditions similar to the experi-
ments with wires are shown in Figure 14. The sample wind
turbine has a length of l = 60m and a blade radius of
R = 50m, an angular velocity of n = 10rpm and is exposed
to an ambient VPG of 40V/m.

The total predicted current is shown in blue (Itot ) and the
components of this current are IPD (red) and Ivel (purple),
which correspond to the currents induced because of the
altitude and the vertical speed, respectively. We observed that
applying (7) to the same wind turbine gives a total induced
current that gradually decays, and the results were discarded
due to the overemphasis on space charge effects and the fact
that the blade rotation disperses the ion cloud, reducing its
effect.

From Figure 14, we see that the maximum magnitude of
the induced current appears at two locations: (i) a negative
current when the blade tip is between its top position and the
horizontal one, around angular position 60◦; and (ii) a positive
current when the blade tip is between its horizontal position
and the vertical one, around angular position 300◦. The switch
in polarity of the induced current of the wind turbine is due to
the orientation of the vertical speed. As already stated in this
article, the current induced by the vertical motion is higher
in magnitude than the current due to the PD at the blade tip.
For the considered case, currents associated with the partial
discharge oscillate between 30nA at the highest position of
the tip and 2 nA at the lowest position; currents induced by
the vertical speed oscillate between ±120nA, inverting the
polarity with the vertical speed change.

FIGURE 14. Wind turbine induced currents predicted using the proposed
model under fair-weather conditions.

The main advantage of the models proposed in this section
is that they provide simple formulas that can be easily eval-
uated once the main parameters of the wind turbine are
defined. Currently, there is no other simple way to predict
the induced currents on wind turbines due to atmospheric
electricity. Using the proposed equations eliminates the need
for a complex numerical model to simulate those currents.
In addition, these equations could, in principle, be added to
existing sensor fault detection algorithms to estimate noise
levels. Also, in combination with predetermined threshold
levels, these estimates could be used to determine when to
disconnect sensors if they risk being damaged by ESD.
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FIGURE 15. Wind turbine-induced currents extrapolated using the
proposed model under thunderstorm-weather conditions.

C. ‘EXTRAPOLATION’ TO THUNDERSTORM WEATHER
The modeling work reveals that current induction has a
proportional relationship with the ambient VPG. An extrap-
olation of the expected currents on wind turbines under
thunderstorm conditions is made here, accounting for the
different sources of current identified. The main parameter
to be modified is the ambient VPG to a value representative
of thunderstorm environments. The following exercise uses
the same wind turbine as in Figure 14 but changes the VPG
from 40V/m to 3kV/m, which is a typical value for thunder-
storm weather. The rest of the parameters remain unchanged.
Results of this extrapolation are shown in Figure 15. The
expected currents are in the order of tens of microamps,
increasing by two orders of magnitude compared to the fair-
weather predictions. Because of their higher value, now these
currents could be dangerous to people, and additionally, they
are high enough to permanently damage any electronic device
in contact with them [7], [33], like the new sensors installed
in wind turbines for the CMS.

VI. CONCLUSION
This paper explored the applicability of a new technique
deploying vertical conductors with drones to measure atmo-
spheric electricity effects, mainly to simulate the current
induction in wind turbines. A model that combines partial
discharge and vertical motion contributions to the current
induction process has been proposed and validated using
the measured currents for the wire experiments. The model
has been adapted to be used in wind turbines and showed
good agreement with prior field measurements of real wind
turbine currents under fair-weather performed by our team.
The experimental technique proposed in this paper could be
used as a low-cost testing system to evaluate the risks to new
sensors to be installed on wind turbines.

Specific conclusions derived from the results are:
• Wind turbines induce much higher currents than tall
structures because of their blades’ rotation.

• Point discharge currents can appear under fair-weather
conditions with low potential gradients at tall structures,
but vertical speed induces higher magnitude currents.

• At certain threshold altitudes, and due to higher electric
fields at the tip and higher discharge currents, the space

charge injected by point discharge can no longer be
neglected, and the current tends to decay as the space
charge accumulates around the corona source. This is
observed for non-moving wires/ blades.

• The experimental setup is a valuable and reliable plat-
form for atmospheric current measurements.

• Experiments performed may be used as a test platform
for simulating the conditions encountered by new sen-
sors installed on wind turbines.

• Induced currents on wind turbines under thunderstorm
conditions could be fatal to small self-powered sensors.

• Sharp geometries start inducing currents at lower ambi-
ent VPG than blunt ones.

Future work for this research will center on:
• Extension of the experiments to include electrically-
isolated blades.

• Extension of the experiments to include non-conductive
blade materials, including GFRP.

APPENDIX
ENHANCED ELECTRIC FIELD AT THE TIP
To calculate the enhanced electric field at the tip of the
wire, an axisymmetric simulation has been performed using
a Finite Element Method solver (COMSOL). A wire of the
same diameter as the one that flew has been studied at multi-
ple altitudes ranging from 0m to 150m, exposed to a VPG of
40V/m. The computational domain had a height of 200m and
a width of 100m. Results from a sample simulation at 150m
altitude are shown in Figure 16.

FIGURE 16. Finite element simulation result for the local electric field
enhancement at the tip of the wire.

To quantify the enhancement of the local electric field
at the tip of the wire, different altitudes have been plotted
in Figure 17.

A regression line fitting of the enhanced vertical potential
gradient at the tip gives expression (3), which is linear and
has fitting goodness with the data points of R2 = 0.952. Note
that this model does not account for the total enhancement at
the tip since the radius of curvature at that location is much
smaller than the wire radius (not a spherical cap).
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FIGURE 17. Finite element method simulation result for the electric field
enhancement at the tip.

ELECTROSTATIC MODEL FOR VERTICAL
SPEED MODELLING
The whole system is studied electrostatically to model the
induced current on the wire because of the change in altitude.
Starting from the current i definition as the variation of charge
q in time t , and the capacitance definition as the variation of
charge with potential φ, (11) is proposed as a model for the
induced currents during the change in altitude of the wire.

C =
dq
dφ

i =
dq
dt

→ i = C
dφ
dt

(11)

Then dφ/dt can be defined as,

dφ
dt
= Ea

dh
dt
= Eavz, (12)

where Ea is the VPG at the ground, h the altitude and vz the
vertical speed. Combining (11) and (12), at any given altitude,

i = CEavz. (13)

Generalizing the formula (13), for any altitude,

i(h) = C(h)Eavz (14)

where now the induced current on the wire will also depend
on the altitude since the capacitance of the wire changes as
more wire is deployed during ascent, as explained in the
following section.

WIRE CAPACITANCE CALCULATION
As the wire ascends through the atmosphere, more length of it
is deployed. The increase in length consequently increases its
capacitance since more charges can be stored along the con-
ductor under the influence of the atmospheric electric field.
This capacitance of the wire is the same as defined by [15].

Rearranging (14) to isolate C (h) gives,

C(h) =
i (h)
Eavz

(15)

FIGURE 18. Wire capacitance changes with altitude.

FIGURE 19. Vertical wire deployed with the drone.

then using expression (15), we can calculate the wire capaci-
tance from the experimental data. To make this estimate, hov-
ering positions with zero vertical speed need to be discarded.
For that reason, to experimentally determine the capacitance
of our system, the 4th flight has been used, exclusively using
data for which the vertical speed was above 1m/s and the
altitude below 100m. We know that the 4th flight has motion
and altitude-induced current, but since the motion-induced
current is much higher than the hovering position PD cur-
rent, this flight is still valuable for approximating the wire
capacitance.

The results are plotted in Figure 18, and the estimated
capacitance is compared to the values reported in refer-
ence [15]. The obtained model for the 4th flight gives us
higher values than the capacitance that was calculated in [15],
but they are of the same order of magnitude, and the slopes
are similar, indicating that differences may be attributed to
different systems characteristics.
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In Figure 18, the symbol Ch in the legend corresponds to
the capacitance per unit length and this value times the total
length gives the wire capacitance C (h). The term R2, refers
to the agreement between the data and the linear regression
fit. In this case, 0.9989 indicates a really good fit.

ADDITIONAL EXPERIMENT IMAGES
Detail of the deployed vertical wire with the drone.
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