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Abstract: This paper presents the results of experimental tests of the impulse response of selected,
essential components of a drone. A standardized lightning pulse that is often used during immunity
tests of electronic devices in the aviation industry was applied. A single-stroke voltage impulse
generator, MIG0618SS, was capable of producing the desired pulses. The input voltage was injected
into selected electronic circuits of the drone system and pulses were observed in different parts of the
machine. This allowed us to build a model based on the transmittance of the circuits most exposed to
lightning overvoltages. The conducted tests were supported by impedance measurements carried
out with an LCR-8110G meter. The obtained results made possible the development of a preliminary
drone simulation model, allowing us to determine the size of the disturbances arising in individual
circuits during nearby lightning. A discussion of the influence of close lightning discharges on
expected induced overvoltages in a drone electronics system is also conducted in the paper.

Keywords: lightning; induced overvoltages; impulse generator; drone electronics system; modelling;
computer simulations

1. Introduction

The use of drone-type unmanned aerial vehicles is gaining more and more importance
not only for military purposes, but also in civil applications such as, for example, cine-
matography, geodesy, security, and entertainment [1]. By enriching the drone’s equipment
with various sensors, such as dust sensors, it is possible to use these devices to monitor
air quality. The use of thermal imaging cameras makes it possible to search for people
under the rubble of collapsed buildings. Properly adapted unmanned aerial vehicles are
able to lift and transport relatively heavy loads, which enables the transport of parcels,
stretching pilot ropes in the power industry or saving drowning people. There are many
other application examples. The purpose for which this device is used determines the
conditions under which it is operated [2]. In many cases, such as delivering parcels or
saving drowning people, these machines will often work in poor weather conditions [3].
Apart from strong winds or frosts, an additional, real threat to drones is lightning [4].
Lightning is accompanied by a very high electric current that reaches tens to hundreds
of kiloamperes at its peak [5,6]. Rapidly varying lightning currents generate the light-
ning electromagnetic impulse (LEMP), which is the source of induced overvoltages in
electronic systems. In small-sized systems, the fast time-varying magnetic component of
the electromagnetic field is particularly dangerous. The impact of this interaction can be
reduced by shielding [7]. In the case of low-weight flying machines (e.g., drones), the use
of additional shielding is problematic. Due to the additional weight, it is necessary to use
larger motors, which results in higher energy consumption. This, in turn, either shortens
the flight time or necessitates the installation of additional batteries. This in turn causes the
unit to gain weight. For this reason, in practice, no shielding is used for small structures.
These machines are therefore very susceptible to LEMP [8] disturbances.
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In this paper, the issue of the threat of the magnetic component of the lightning
electromagnetic impulse LEMP generated by close lightning discharges is discussed. It
was decided to investigate the nature of pulse propagation in various circuits of small
unmanned aerial vehicles (drones). For this purpose, an impulse generator was used to test
the resistance of avionics to lightning effects. The MIG0618SS generator was set to produce
a single-stroke voltage impulse with the waveshape of 6.4/69 µs for open circuit condition.
This pulse waveshape is defined in the international standard for lightning protection
DO-160, which is used in the aviation industry [9–11]. A series of tests were carried out on
all the key circuits of the drone, these tests are described in detail in the following sections
of this paper. This enabled us to determine the transmittance of individual circuits. Finally,
the threat of drone electronic system malfunction was assessed and the most exposed
circuits to LEMP were identified.

2. Lightning Electromagnetic Field

Lightning carries various threats, such as mechanical and thermal damages, as well as
the destruction of electrical and electronic devices as a result of direct and indirect lightning
overvoltage [12,13]. Direct lightning to a small flying object is unlikely. Moreover, due to
the predicted total destruction of the unit, such an event can be ignored when analyzing
the effects of lightning [14]. The most common threat to devices such as drones is the
electromagnetic field from cloud-to-ground (CG) lightning. Damage to electronic systems
caused by intracloud lightning cannot be excluded either. The mechanism of the occurrence
of CG lightning has been described in detail in many publications (e.g., [15,16]). There
are generally four types of these atmospheric discharges: downward negative, upward
negative, downward positive and upward positive lightning. In most cases, lightning
currents consist of several return strokes, that is, the first return stroke and the subsequent
return strokes. According to published statistics, negative lightning constitutes up to 90%
of all CG lightning, and its parameters are consistent with the probability distributions
obtained from observations [15,16]. However, the 10–90% ratios for positive and negative
lightning can be different [17]. The maximum values of the parameters characterizing the
lightning current for specific lightning protection levels (LPL) were adopted in the PN-EN
62305 standard. It should be noted that the typical parameters of the so-called subsequent
return stroke and continuing current are usually characterized by much lower values.

Civil aviation standards, such as RTCA/DO-160 and EUROCAE [9,18,19], contain
recommendations for testing the resistance of avionics to lightning electromagnetic distur-
bances. These standards define the current and voltage pulse shapes that are applicable in
aircraft electric and electronic parts tests [20].

The starting point for developing the waveforms that determine the equipment tran-
sient susceptibility level (ETSL) was to determine the normalized A (initial strike or first
return stroke), B (intermediate current), C (continuing current) and D (restrike or the subse-
quent return stroke) components of the CG lightning current and the type H waveform for
intracloud (IC) lightning [9,21,22].

When simulating indirect lightning effects, components B and C are often not consid-
ered because they do not cause significant overvoltages in avionics systems. The waveforms
(WF) adopted for physical simulations of indirect effects approximate, to some extent, most
of the phenomena observed in the aircraft installation [13,23]. For example, the WF1 cur-
rent waveform 6.4/69 µs simulates the current induction effect occurring in closed wire
loops as a result of penetrating deep into the airframe of the lightning magnetic field.
This effect corresponds to the A component of the lightning current in Figure 1. Similarly,
induced voltages in open loops are represented by the WF2 voltage waveform 0.1/6.4 µs,
the shape of which corresponds to the nature of the component A derivative. Type WF4
of voltage waveform, shown in Figure 2, with a shape identical to the WF1 waveform,
represents the effects of lightning current when the airframe resistance is mainly taken into
account [21,24].
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The processes of diffusion and redistribution of the electromagnetic field observed
in the case of insufficient shielding of cables, e.g., when the airframe is made of carbon
fiber-reinforced composite (CFC), are simulated with WF5A voltage/current waveforms
40/120 µs or WF5B current waveform 50/500 µs. The above-mentioned standardized
voltage/current waveforms are used in immunity tests of avionics to isolate single lightning
pulses. Based on RTCA/DO-160 and EUROCAE standards, it is also recommended to test
the effects of multiple pulses. The first type of multiburst defined in aviation standard
DO-160 corresponds to the IC lightning occurring near the aircraft, when the lightning
channel is relatively short compared to the CG lightning. RTCA and EUROCAE define this
waveform as 24 groups (bundles) of 20 pulses occurring at intervals of 10–200 µs. Each
elementary pulse is a so-called H-waveform, with an amplitude of 10 kA. The second type
of repetitive pulses corresponds to lightning with multiple return strokes. In this case, the
RTCA and EUROCAE define a series of 24 pulses; the first D-type pulse corresponds to the
first return stroke, and the remaining 23 pulses at twice the smaller peak values represent
the subsequent return strokes occurring in the same lightning discharge. The time interval
between individual pulses can be adjusted in the range of 10–200 ms. Those pulses with
the appropriate time parameters are presented in Figure 3. They can be injected directly
into the terminals of the tested device (pin injection method), or act on cable bundles using
the phenomenon of induction, using a specially constructed coupling transformer (cable
bundle induction method).
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For simulation purposes, several mathematical models describing the lightning cur-
rent and the charge density that is deposited along the channel have been proposed. These
models can be divided into two groups: LCS (Lumped Current Source) and DCS (Dis-
tributed Current Source) models [25,26]. In LCS models, the current source is located at the
channel base near the ground surface. It generates a current surge flowing upwards, neu-
tralizing the charge distributed in the corona sheath during the leader stage. DCS models
are characterized by the so-called “traveling current-source”. In this case, the current in
the channel is generated as a result of the neutralization of the charge distributed in the
lightning corona sheath. This process takes place successively from the ground towards
the cloud. The current at the base of the lightning channel i(0, t) in the case of LCS and
DCS models is often represented by a combination of Heidler approximation [10,27,28].
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where: τ11, τ12—front time constants, τ21, τ22—decay time constants, η1, η2—amplitude
correction of I01 and I02, n1, n2—exponent (2 . . . 10).

The typical lightning subsequent return-stroke current can be described by Equation (1)
with the parameters given in Table 1.

Table 1. Typical waveform parameters for lightning subsequent return-stroke current at the channel
base used in Equation (1).

I01 [kA] I02 [kA] τ11 [ms] τ12 [ms] τ21 [ms] τ22 [ms] n1 n2

10.7 6.5 0.25 2.1 2.5 230 2 2

3. Main Components of Unmanned Aerial Vehicles

The design of drones may vary depending on where and for what purposes they
are used. They can feature four or more motors (e.g., a quadrocopter is equipped with
four motors, a hexacopter with six motors, and an octocopter with eight motors), different
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sizes and flying ranges. Drones can be equipped with cameras, various sensors and even
weapons. A construction diagram of a typical drone is presented in Figure 4 [29,30].
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The range of unmanned aerial vehicles depends on the density of the energy that can
be accumulated and stored in their batteries. The size and weight of the battery in turn
depends on the technology and materials from which it is made. For civil applications,
lithium-ion (Li-Ion) or lithium-polymer (Li-PO) batteries are used to power drones. The
supply voltage varies depending on the manufacturer and even the model and ranges from
3.7 V (most commonly found in small devices) to 15.2 V and over for large units. The energy
density of these batteries ranges from 100 Wh/kg to 265 Wh/kg and more for their varieties
(for example the Li-SOCl2 battery’s energy density is about 600 to 700 Wh/kg). Notably, all
the drone components depicted in Figure 4 may be damaged during a storm with lightning
discharges. Therefore, experimental tests and simulations that allow the determination of
the resistance of these elements in difficult weather conditions are important.

4. Response of Selected Drone Components to Standardized Lightning Pulses
4.1. Transfer Function of the Analyzed System

In order to determine the transfer functions of individual drone circuits, it is necessary
to examine how the impulse signals corresponding to the lightning effects propagate in
these circuits. Our tests, conducted in a high-voltage laboratory, allowed the observation of
the circuit responses to the input transient current induced by the magnetic field generated
by CG lightning. For the tests, the WF4 (6.4/69 µs, 125 V) double exponential voltage
waveform was used (Figure 2). This waveform is recommended by DO-160 for airborne
equipment that may be subjected to lightning-induced magnetic fields coupled onto their
wiring. The waveform 4 was favored because it contains more energy per event, and is thus
more likely to induce damage than WF3 Damped sinusoid (which also is recommended by
DO-160, for pin injection testing).

A simplified measurement scheme is shown in Figure 5.
During the experimental tests, we selected the most important electric systems for the

communication and proper functioning of the drone (EUD), that is, (1) a power supply
system, (2) a receiving antenna, (3) a brushless direct-current (BLDC) motors, and (4) a
motor control system (Figure 6).
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Figure 6. Tested drone electronic systems.

The voltage waveform WF4 input from the generator and the output signals of the
tested system were observed and recorded on the digital oscilloscope for further analy-
sis [31]. The tests were carried out at the same level of generated surges. The MIG0618SS
generator was set to produce a single stroke in the form of impulse voltage with a rise time
6.4 µs and a 69 µs half—peak for open circuit conditions. Its level of peak value was 125 V
divided by Voltage Coupling Transformer (HF Transformer) to a voltage peak value 8 V.
The final peak value of the current pulse depended on total impedance of the analyzed
system and, for all of the series, it remained constant at about 110 A. The output of the
step-down divider was directly connected to a digital oscilloscope with a coaxial cable. The
influence of the setup configuration and the measuring equipment settings, such as the
configuration of the connections to the system, the length of the cable and the oscilloscope’s
time resolution, were also examined. During the pin injection mode small distortions and
noise were noticed, mainly on the rising slope of those waveforms that were caused by
internal switching processes in the generator and the capacitive and inductive coupling
between the cables [32,33].
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In order to smoothe the waveform and remove the noise, the “smoothdata” function
build in Matlab software was used. The operation of this procedure is based on the so-called
“loess” regression, which is a nonparametric technique using local weighted regression
to fit a smooth curve through points obtained from measurements. The final processed
waveforms demonstrating the impulse signals at the input and output of the analyzed
drone components are presented in Figures 7–10.
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Figure 8. (a) Input—Voltage measured at the A and B pins of the first motor windings; (b) Output—Voltage measured at
the terminals of the engine control system.
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Figure 9. (a) Input—Voltage measured at the A and B pins of the first motor windings; (b) Output—Voltage measured at
the GPS terminals.

Energies 2021, 14, x FOR PEER REVIEW 8 of 19 
 

 

Figure 8. (a) Input—Voltage measured at the A and B pins of the first motor windings; (b) Output—Voltage measured at 
the terminals of the engine control system. 

  
(a) (b) 

Figure 9. (a) Input—Voltage measured at the A and B pins of the first motor windings; (b) Output—Voltage measured at 
the GPS terminals. 

  
(a) (b) 

Figure 10. (a) Input—Voltage measured at the antenna terminals; (b) Output—Voltage measured at the power supply 
terminals. 

In order to obtain the transmittance of the individual selected circuits, the Fourier 
Transform of the measured input and output signals was determined. The next step was 
to divide the output signal (Fourier transform) by the input signal (Fourier transform). 
Thus, the frequency characteristics of these circuits were obtained (Figures 11–14). 

Another potentially applicable method is computer simulation [34,35]. It enables 2D 
and 3D modeling of the same object many times without changing the parameters [36–
38]. However, a mathematical model is necessary. It can be created by measuring the volt-
ages or/and currents values tested in a laboratory, and then determining the transmittance 
of individual paths. 
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terminals.

In order to obtain the transmittance of the individual selected circuits, the Fourier
Transform of the measured input and output signals was determined. The next step was to
divide the output signal (Fourier transform) by the input signal (Fourier transform). Thus,
the frequency characteristics of these circuits were obtained (Figures 11–14).
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Another potentially applicable method is computer simulation [34,35]. It enables 2D
and 3D modeling of the same object many times without changing the parameters [36–38].
However, a mathematical model is necessary. It can be created by measuring the voltages
or/and currents values tested in a laboratory, and then determining the transmittance of
individual paths.

The analysis of the impulse voltage measurements at the input and output of the
tested circuit fragment allowed for the development of transmittance as well as frequency
and phase characteristics. The study of transmittance for individual parts of the drone
allowed the analysis of the propagation of overvoltages throughout the machine. For each
determined transmittance, an approximation was made, using the least squares method,
in accordance with formula 3, to the polynomial function of one variable. If we limit
the search to polynomials, then polynomial regression or polynomial approximation are
applicable [39]. This allows a mathematical description of the characteristics of individual
circuits (based on the measurements outlined above) and further simulation using numer-
ical methods. The selected transmittance patterns and their coefficient of determination
R2, which determines the convergence, are presented in Table 2. Using the least squares
method, we adjusted the coefficients of the polynomial {a0, a1, . . . , an} (formula (3)) so
that the obtained polynomial reflected the best data measurements. Since the coefficients
of the polynomial are numbers, solving this problem boils down to solving the algebraic
equation [40,41]:

f (x) = Wn(x) = anxn + an−1xn−1 + . . . + a1x1 + a0x0 (3)

where f (x)—searched function which will best approximate the input data, an—the un-
known coefficients of the polynomial we want to find and n—degree of the polynomial.

Table 2. Approximation of the transmittance of selected drone circuits, together with the coefficient
of determination.

Input Output Transmittance Determination

Pins A and B first
motor coil

Pins A and B other
motor coil

1.358 × 10−7 x4 − 9.25 × 10−5 x3

+ 2 × 10−2 x2 − 1.8 x + 59
72%

Pins A and B first
motor coil Engine control unit 4.8 × 10−8 x4 − 5.8 × 10−6 x3 +

2.47 × 10−3 x2 − 0.42 x + 28.62
72%

Pins A and B first
motor coil GPS module

1.82 × 10−8 x4 − 1.58 ×
10−5 x3 + 4.75 × 10−3 x2 −

0.5768 x + 28.96
79%

RF antenna Power supply
terminals

−3.37 × 10−6 x3 + 1.86 ×
10−3 x2 − 0.33 x + 26.3

55%

The development of the smallest possible approximation is a difficult task due to the
nature of the tested impulse and its disturbances. The transmittance approximation for
the radio communication system certainly did not qualify for further analyses, because the
coefficient of determination of 55% was definitely too low.

Both the transmittance and the phase modules differ depending on the drone circuit
being tested. This is due to their different structures. Interpreting these results is very
difficult because the systems are made up of so many elements. Therefore, it is very difficult
to model them appropriately without carrying out measurements such as those on the
actual machine. The common feature is a greater low-frequency response. The range up to
5 MHz was tested with a resolution of 4 kHz. This allowed the determination of the full
spectrum of frequencies that may occur during an atmospheric discharge. Single shock
pulses in accordance with the DO-160 standard have a frequency of approx. 300 kHz.
However, actual multiple discharges can reach frequencies of up to several megahertz.
With the full range of frequencies and responses of individual circuits to shock pulses, a
mathematical model can be developed to analyze the flow of overvoltage inside the drone.
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4.2. Selected Circuits Impedance

Having obtained the transmittance of the circuits, it was possible to estimate how the
impulse propagates through the various elements of the machine. However, to determine
the level of overvoltages resulting from the drone’s exposure to an electromagnetic pulse,
the source of which is nearby lightning discharge, it is necessary to know the impedance of
individual drone systems.

To determine the impedance of the selected drone electronic systems, a precision
LCR-8110G meter was used. Data from the meter were downloaded in real time to a
personal computer via RS232 port. The LCR-8110G meter produced a 1 V amplitude sine
wave. The frequency was adjusted automatically within the range from 20 Hz to 10 MHz.
Before the start of the measurements of each new configuration of the examined device (to
reduce an influence of inductance and capacitance of Kelvin clips probe), we calibrated of
the LCR meter’s probes, shorted and open. The selected electronic systems for this study
were the same as in previous tests. The characteristics of the impedance as a function of
frequency are shown in Figures 15–20.
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The impedance characteristics of the individual circuits differed from each other. As in
the case of the transmittance determination, in this case, they were the result of the different
internal structures of these systems (different components, different application). This
meant that the levels of noise propagation were different depending on the chosen path.
There was also a difference in the frequency of the surge pulse, as shown in Figures 15–20;
the variation in impedance versus frequency was significant. For normalized pulses, the
frequency of 300 kHz should be taken into account. However, as mentioned earlier, a pulse
of higher frequency may occur during the actual discharge.

4.3. Transient Impulse Flow Model

Based on the measurements of transmittance of the individual drone circuits, a simu-
lation model in MATLAB was developed. The model was developed on the basis of the
transmittance of the individual circuits determined during the tests (Section 4.1). Next,
they were all aggregated into one model. This enabled the analysis of the emerging voltage
pulses in various circuits (at the same time), while inducing an overvoltage in another part
(not all—only measured in Section 4.1). The model shows how the transient voltages spread
through the electrical installation of the machine. It was possible to define the influence of
the overvoltage and its potential effect on the operation of particular peripheral devices.
The simulation results for the voltage induced in the motor are shown in Figures 21 and 22.
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the developed model.

To generate the above data, the disturbing impulse shown in Figure 23 was used
(generator stroke—Section 4.1). It was developed on the basis of previous measurements
and corresponded to the impulse generated on the motor windings. The model shows that
the most vulnerable part of the drone was the GPS module data line. This meant that the
entire bus was vulnerable, as well as, possibly, other low-voltage connections between the
drone’s peripheral systems.



Energies 2021, 14, 6547 17 of 19Energies 2021, 14, x FOR PEER REVIEW 17 of 19 
 

 

 
Figure 23. The shock pulse used in the model (the same as the recorded pulse from the generator 
shown in Section 4.1). 

Based on the frequency diagram, it can be seen that the lowest frequencies (up to 300 
KHz) had the greatest share. This corresponded to the WF-4 shock pulse frequency (shape 
6.4/69 µs) described in the previous chapters. It should also be remembered that despite 
exceeding the momentary permissible voltage values for electronic systems, it did not 
damage them. The pulse is very short and may not cause permanent damage [42,43]. The 
situation can be quite different with multiple discharges. Subsequent strokes have lower 
energy than first strokes, but their frequency may lead to damage. Figure 21 also shows 
that the overvoltage was the smallest in the other motor. The engine windings and the 
battery are the most resistant elements of the drone to lightning electromagnetic pulses. 

5. Conclusions 
The place most exposed to overvoltage induction due to LEMP is the motor winding. 

The pulse can propagate to the rest of the machine circuits through the power line and 
drivers. As shown by research, low-voltage communication lines are the most vulnerable. 
Surge voltages in the drone’s circuits may disrupt its operation or damage individual 
components. This is directly determined by the distance to the lightning channel. Contin-
uing current discharges do not pose a threat to devices of this type. In turn, the direct flow 
of the lightning charge through the drone leaves no opportunity for its further operation 
[43–45]. As part of the research described in this article, a mathematical description of the 
transmittance of selected fragments of circuits of an unmanned aircraft was developed. 
This made it possible to determine the method of propagation of the overvoltage. The 
impedance of individual circuits was also tested in relation to variable pulses with a fre-
quency of 20 Hz to 10 MHz. This allowed us to determine how these circuits behave for 
strokes of different durations. The tests were carried out with the use of shock pulses, in 
accordance with the standards applicable in aviation (DO-160). The most important 
achievements included: 
• The development of the dependence of the impedance of individual drone circuits 

depending on the signal frequency 
• The development of the transmittance of these circuits 
• The determination of polynomial transmittance formulas for the mathematical de-

scription of the studied dependencies 

Figure 23. The shock pulse used in the model (the same as the recorded pulse from the generator
shown in Section 4.1).

Based on the frequency diagram, it can be seen that the lowest frequencies (up to
300 KHz) had the greatest share. This corresponded to the WF-4 shock pulse frequency
(shape 6.4/69 µs) described in the previous chapters. It should also be remembered that
despite exceeding the momentary permissible voltage values for electronic systems, it did
not damage them. The pulse is very short and may not cause permanent damage [42,43].
The situation can be quite different with multiple discharges. Subsequent strokes have
lower energy than first strokes, but their frequency may lead to damage. Figure 21 also
shows that the overvoltage was the smallest in the other motor. The engine windings and
the battery are the most resistant elements of the drone to lightning electromagnetic pulses.

5. Conclusions

The place most exposed to overvoltage induction due to LEMP is the motor winding.
The pulse can propagate to the rest of the machine circuits through the power line and
drivers. As shown by research, low-voltage communication lines are the most vulnerable.
Surge voltages in the drone’s circuits may disrupt its operation or damage individual com-
ponents. This is directly determined by the distance to the lightning channel. Continuing
current discharges do not pose a threat to devices of this type. In turn, the direct flow of the
lightning charge through the drone leaves no opportunity for its further operation [43–45].
As part of the research described in this article, a mathematical description of the transmit-
tance of selected fragments of circuits of an unmanned aircraft was developed. This made
it possible to determine the method of propagation of the overvoltage. The impedance of
individual circuits was also tested in relation to variable pulses with a frequency of 20 Hz
to 10 MHz. This allowed us to determine how these circuits behave for strokes of different
durations. The tests were carried out with the use of shock pulses, in accordance with the
standards applicable in aviation (DO-160). The most important achievements included:

• The development of the dependence of the impedance of individual drone circuits
depending on the signal frequency

• The development of the transmittance of these circuits
• The determination of polynomial transmittance formulas for the mathematical de-

scription of the studied dependencies
• A preliminary model illustrating the flow of overvoltage inside the drone’s electronics

for a given disturbing impulse
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The work of an unmanned aerial vehicle during a storm is very risky, because it is not
possible to precisely define the zone of lightning occurrence. The defined safety distance is
therefore very difficult to maintain in practice. This study shows that it is possible for a
drone to work in unfavorable conditions and can be used to determine the probability of
its correct operation in such a situation.
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AGH: Kraków, Poland, 2010.
17. Horvath, T. Supposed Undistorted Original Distribution of Lightning Currents. In Proceedings of the 20th Interna-Tional

Conference on Lightning Protection, Interlaken, Switzerland, 24–28 September 1990.
18. Environmental Conditions and Test Procedures for Aircraft Systems, Wersja D, Rozdział 22 i 23; Washington, DC, USA, 2006.
19. MIL-STD-461 F. Department of Defense Interface Standard Requirements for the Control of Electromagnetic Interference Characteristics of

Subsystems and Equipment; Department of Defense: Washington, DC, USA, 2007.

https://www.businessinsider.com/drone-technology-uses-2017-7?IR=T
http://doi.org/10.5194/nhess-16-607-2016
http://doi.org/10.1029/JC084iC10p06307
http://doi.org/10.3390/en14082106


Energies 2021, 14, 6547 19 of 19

20. Aircraft Lightning Environment and Related Test Waveforms; Revision A; SAE International: Warrendale, PE, USA, 2005; Available
online: https://www.sae.org/standards/content/arp5412a/ (accessed on 6 April 2021).

21. Fisher, F.A.; Plumer, J.A.; Perala, R.A. Aircraft Lightning Protection Handbook, DOT/FAA/CT-89/22; September 1989; Available online:
https://weatherguardaero.com/wp-content/uploads/2020/04/1989-DOTFAACT-8922.pdf (accessed on 6 April 2021).

22. NO-16-A002:2006. Wojskowe Statki Powietrzne. Ochrona Przed Skutkami Wyładowania Atmosferycznego; Wymagania Ogólne, 2006.
23. Filik, K. Badanie odporności zespołów awioniki statków powietrznych na narażenia LEMP. Prz. Elektrotech. 2014, 10, 60–63.
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