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Abstract: This article describes the simulation results of the ‘=agahiiity of typical carbon
fiber reinforced composite to shield the magnetic compongnt of tightning electromagnetic
pulse, with a particular focus on near lightning strikes /thewintulation model includes the
proper polymer selection of the lightning strike modei, theldependence of electrical prop-
erties on the change of frequency, and the effectivé megium approximation for the electro-
magnetic properties of composite materiala, The Simdlations show that the carbon fiber
reinforced polymer is ineffective in the low-fregduncy range. What's more, for frequencies
in the range of a few hundred kilohertz to singia megahertz, the amplitude of the disturbance
signal increases.
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1. Introduction

Near lightning strikes are a critical environmental threat to electronic devices, especially
since modern technology increasingly relies on sensitive electronics in many industries,
transportation, energy, and various other fields. Lightning strikes produce a transient but highly
intense electromagnetic pulse (EMP). This pulse generates an electromagnetic wave that induces
currents in low-impedance and overvoltages in high-impedance circuits. It can damage electronic
parts, disrupt operations, and lead to permanent failure of sensitive components such as
microcircuits and memory units. The cascading effects of lightning-induced failures can disrupt
services, jeopardize safety, and cause significant financial losses [1-4].

Unmanned aerial vehicles (UAVS) are increasingly used in various applications, from
commercial delivery, agriculture, and environmental measurements to ensuring safety, military
surveillance, and disaster response. However, their reliance on sophisticated electronics and
lightweight materials makes them highly vulnerable to near-lightning electromagnetic pulses
(EMPs). This transient, high-intensity phenomenon, associated with a lightning strike, poses a
significant threat to UAVs functionality, safety, and operational reliability.


https://orcid.org/0000-0002-5715-3492

This paper has been accepted for publication in the AEE journal. This is the version, which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2026. 156801

Near-lightning EMPs are characterized by rapid field intensity changes, with electric and
magnetic field components reaching several tens of kV/m and hundreds of A/m/s (according to
[5], magnetic field component can reach rates of change as high as 2.2 x 10° A/m/s and electric
field component as 6.8 x 10" V/m/s at a distance of 10 meters from a lightning strike,
respectively). The wide frequency spectrum of the EMP (ranging from a few kHz up to several
dozen MHz [6]) makes it particularly dangerous for unmanned aerial vehicle (UAV) electronic
systems.

Modeling and simulations based on test results [6] allow us to estimate the safe distance of a
drone from a ground discharge and determine the level of resistance of these devices to the
LEMP, i.e., the lightning electromagnetic pulse. Relatively small UAVS, whose diameter does
not exceed one meter due to short cable lengths, show greater sensitivity to the magnetic
component of the LEMP, so it is natural that the author focused on it. It should be noted that the
complexity of modeling a material like the CFRP in terms of its elegtrical properties is very high.
During model  development, many  aspects like- ~_woven/tow  heuristics,
temperature/humidity/damage scaling, roughness loss term, aid stacks of plies, were omitted or
simplified.

2. Lightning EM field ifvagneuic component strength

To calculate the first lightning strike rfiagnetic component strength, some research is needed
to determine the parameters of the fightmivgicurrent, channel length, current wave speed through
the discharge channel, and wave ptopagatic!i speed. Choose the model of current, according to
measurements, choose the appraximation model. Those parameters are shown in Table 1.

Table 1. First strikgtightriing electromagnetic field simulation parameters [1, 2, 12, 13]

Param—eters Symbol Typical value Units
Pick current lo 20-200 kA
Rise time tr 0.5-15 us
Decay time ta 40-100 us
Total flash duration ttotal 50-100 us
Charge transfer Q 5-25 C
Return stroke speed v (1-1.5) x 108 m/s
Channel length L 1000-8000 m




This paper has been accepted for publication in the AEE journal. This is the version, which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2026. 156801

To the magnetic component of the lightning electromagnetic wave, the simple Heidler
function was chosen in order to describe channel-based current [15].
t\" —t
i(0,t) =’—°(’+2,,e(6). @
n 1+(H)
For example, the current waveform (6.4/70 us) can be represented with the following
parameters:

lo = 100 KA, # =0.93, 71 = 16.5 ps, 72 = 98 us and n = 10, which is shown in Fig. 1.
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To determine the returié:stroe current, one of the available models described in detail in [18]
can be used. In these considerations, the modified transmission line model with exponential
decay (MTLE) and maodified transmission line model with linear decay (MTLL) were used. For
the MTLE model, lightning channel current is given by the following equation [18-20]:

i(Z,t)=eai (O,t —%) t> 27 (2

where: z” is the height of any point in the discharge channel above the ground surface, v is the

speed of the current wave (1.3 x 108 m/s), A is the current decay height constant (determined by

Nucci in 1988, equal to 2000 m), and i(0,t) is the current at the base of the lightning channel.
As for the MTLL model, lightning channel current is given by the equation:

i(zt) = (1—%’)i(o,t—zv—'), ®3)

where H is the height of the return stroke channel in metres [14, 15].
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2.1. Near field properties

An electromagnetic field can be divided into two types according to the distance of the
observation point from the source of the wave. These are the near field and the far field. This is
illustrated in Fig. 2.
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In the near-field region, electromagnetic filds display intricate structures and maintain a
high density of energy. Here, the characteiistics of the fields are largely dictated by the specific
parameters of the interference sourceanaieasurrounding environment. In this zone, electric field
strength diminishes sharply, rougliy ¥alloysing a 1/r® [21] decay, while the magnetic field
reduces at an approximate rate<ef 1'v2. The Fresnel region, which spans from the end of the
reactive near field to about\two.wavelengths (27) away from the source, marks the transition
where stored energy graavélly shifts into radiated energy. Although the field structure begins to
become more organized in’this region, it still exhibits complex patterns, and the radiation
characteristics can vary considerably with distance.

The magnetic field component with a source is the near lightning strike that can be obtained
using the equation:

(1. R
¢=ﬁ :_+ [%i(z’,t—§)+#al(za—':C)] dz', R=+(z-2z)2+1? 4)
where: R is the distance between the observation point and the height z and the channel section
dz’ at the height z’, r is the horizontal distance from the observation point to the channel, L is the
length of the return-stroke channel, H+ and H— are the heights of the current front as “seen” by
the observer at the time t in the channel and in its image, respectively, c is the speed of light, i is
the return-stroke current.
The magnetic field can be divided into two components: H,(induction) and H,(radiation);
they are given by equations:
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Hg (induction) == l(z—t)Kz , (5)
m r4(1+':—2>
Hg (radiation) = i (z0) . (6)
%(KZ+TZ)+ K4(1+(£)2)
In Egs. (2) and (3)
2t [2(c?=r2) 4 ()2
= v[c t—yv2(ct )+(cr) ], @)

c2—p2

where v is the speed of return stroke wave propagation.
The magnetic component of the lightning return stroke can ke aiver as:

1 i(z' )k n i@y

W B || (8)
ota 271l T4(1+r_2) \15;(,;%—— 2)+ K4(1+(£)2) J

By submitting the Taylor series expansion of-i(z’, t-R/c) into the second term of Eq.(1) we
can obtain the approximation for tha insitiction magnetic field component as:
Hr g0 -1 _n\n
fO R_3dZ - 2nl(0’t )R(H)' ©)

c

Hy = Hg(indction) Az %l (0, C— E)

When considering tke case ¢f.magnetic fields at distances up to 1 km and electromagnetic

fields at ground level, theiradiation component of the magnetic field, due to its small value

compared to the induced ong, can be ignored. At such a short distance, it can also be assumed

that r<<H, so when the current propagates upward along the channel, R(H) gradually
approaches H. Setting H/R(H) = 1, Eq. (6) can be simplified to [17]:

()

2nr

Hy = (10)
For cloud-to-ground (CG) lightning, the first strike current is typically in the range from
10 kA to 200 kA, and the average peak current is about 30 kA. The simulation results of the
magnetic field intensity of a cloud-to-ground discharge for selected distances from the discharge
channel, assuming the worst-case scenarios (first strike current of 200 kA), are presented in
Figs. 3 and 4. The highest values of the magnetic field for both models are listed in Table 2.
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Fig. 3. Magnetic field strength
for near lightning first stroke at
distances of 50 m, 100 m,
200 m, and 500 m for the MTLE
model

Fig. 4. Magnetic field strength
for near lightning first stroke at
distances of 50 m, 100 m,
200 m, and 500 m for the MTLL
model

Table 2. Simulated parameters for magnetic field strength of near CG lightning strike (current 200 kA,

rise time 6.4 ps, fall time 70 ps)

H [A/m]
Distance [m]
MTLE MTLL
50 473.61 518.19
100 225.28 256.50
200 101.93 125.44

According to [22, 25], the MTLL model is better suited for simulating the electromagnetic

field of near lightning, more accurately reproducing the actual, observed waveforms. The
research results presented in the above-mentioned publication prompted the author to choose the
MTLL model for further simulations. The parameters for the simulations are written in Table 3.
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Table 3. Chosen parameters for lightning magnetic field component simulations

Lp. lo [KA] r[m] t[s] H [m] v [m/s]

50

100

250

500

50

100

250 '

500
5000 1.3 x 108

3. 100 1x10*

100
4. 200

250

500

50

100
5. 200 7500 1.5 x 108
250

500

The simulation results for the parameters from Table 3 are shown in (a), (b), (c), (d) and (e)
in Fig. 5.
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Fig. 5. Magnetic field strength simulations for: (a) lo = 10 kA; (b) lo = 30 kA, (c) lo = 100 kA, (d)
lo =200 kA and (e) lo = 200 kA, H = 7500 m and v = 1.5 x 108 m/s at distances of 50 (red), 100 (green),
250 (orange), and 500 (blue) meters

Assuming the above data for the first-stroke current, the value of the magnetic field intensity
for the lightning current lo = 200 kA and a distance of 500 m is approximately 47 A/m (Fig. 6).
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Lightning currents are inherently impulsive and broadhard., Their rapid rise and fall times

result in a broad frequency spectrum, with significant eneigy waticentrated in certain ranges. The
key frequency components of the lightning current are:

a)

b)

c)

Extremely low frequencies (ELF) — a few hertz,un. 0 100 Hz. They can propagate globally
in the Earth—ionosphere waveguide, which ¢%as rise to Schumann resonances that appear
as distinct peaks near ~7.8-7.83 Hz (fundamental) and higher modes at roughly 14.3, 20.8,
27.3, 33.8 Hz, etc.

Very low frequency to low frequency(VLF/LF) - up to ~100 kHz; this band carries much
energy relevant to many EM&‘overroltége and power-system coupling problems.

High frequency and MHF (sxon»100 kHz up to many MHz and above) - particularly fast,
compact events suth gz na=xow bipolar Events (NBES) or rapid microsecond features in
return strokes produag strong radiation in the MHz range and can dominate at VHF.
Although the integrated energy decreases with increasing frequency, this broadband region
should not be ignored because it is important for sensitive electronics and can contribute to
RF interference.

3. Shielding effectiveness theory

The attenuation of electromagnetic waves by the CFRP is attributed to three mechanisms:

reflection, absorption, and multiple reflections within the material. The concept of shielding
effectiveness for a slab of conductive material is shown on Fig. 7.
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a) Reflection
Reflection loss occurs at the interface betwezan.aigor another medium) and the CFRP, driven
by the impedance mismatch. Since CFRP’s surfage conductivity is high, a greater mismatch with
the surrounding medium enhances reflectian.
b) Absorption
Inside the material, EM energv colivefis to heat. Absorption depends on the material’s
electrical conductivity (o)~magneticipermeability (u), thickness (d ), and the frequency (w) of
the incident wave. The ¢hsorpticnrcoefficient a is given by:

a= \/@, (11)

where: « is the absorption coefficient, w is the pulsation of the incident wave, « = 2af , where f
is the frequency, u is the magnetic permeability and o is the electrical conductivity.
c¢) Multiple internal reflections
When the CFRP contains heterogeneous structures (e.g., fillers or fiber bundles), internal
reflections lead to additional attenuation through phase cancellations. The effectiveness depends
on the microstructure, including fiber orientation and filler content.

3.1. Factors influencing shielding effectiveness
- Material Properties: conductivity, permittivity, permeability, and composite microstructure.
- Geometric Factors: sample thickness, fiber orientation, and layering (multilayer stacks).
- External Conditions: frequency range, angle of incidence, and temperature.

10
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i Anisotropy in EMI Shielding

The orientation of carbon fibers within CFRPs leads to anisotropic electrical conductivity,
meaning the material's ability to conduct electricity varies with direction. This anisotropy
significantly affects the EMI shielding effectiveness. For instance, unidirectional CFRP
composites exhibit different shielding performances based on the angle of the incident
electromagnetic wave relative to the fiber orientation. Studies have shown that the electrical
conductivity and, consequently, the EMI shielding effectiveness can be predicted based on the
fiber orientation angle. Along the fiber direction, the CFRP exhibits high conductivity, (around
60000 S/m - the conductivity of the carbon fibers). The conductivity through the thickness is
often in the range of 103 S/m, so it is significantly lower. The factors that are affecting
conductivity are [35]:

Fibers orientations,

- Matrix material - the polymer's insulating nature,

- Fiber — matrix interface (the adhesion and bonding betweeii-the fibers and matrix),

- Interlayer regions

ii Skin depth consideration
The skin depth (0) [35]is a critical parameter that.defines how deeply electromagnetic waves
can penetrate into a conductive material. It is given.by:

, 2
8= ~\ whotrRe(o(w))' (12)

where: ¢ is the skin depth, Re(a(wJy isthe real part of the frequency-dependent conductivity, w
is the angular frequency of theyincident wave, u is the relative permeability, and o is the
permeability of free spacé (4z x(107).

3.2. Shielding effectiveness/iormulas

The degree of impedance mismatching between the shielding material (ym) and the wave
propagation medium (#0) determines the magnitude of the reflection loss (SErer) [16, 19].

a. Reflection loss

(m+10)?
SEper = 20log,, (%) (13)
Assuming that s << 79, the SEges can be obtained from the equation:

SEper = 20l0g; (). (14)

The impedance #, can be calculated from:

n= st (15)

o(w)+jwe(w)’

11
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where: w is the pulsation in rad/sec, u is the magnetic permeability, e(w) is the permittivity, and
o(w) is the electrical conductivity. For free space - 70 = 377 Q [28, 29].

As the electrical conductivity of the material decreases, the part of the wave that penetrates
the material increases and the part of the reflected wave decreases.

b. The absorption loss:

d
SE4,s = 201log;, (e_m). (16)

c. The multiple - reflection loss

1 — @m=mo)? -2

(Mm+10)? n

SEyur = 201log;

The remaining part of the electromagnetic radiation is transmitted through the shielding
material.
The total shielding effectiveness (SE) can be obtained from:

SEan = SEes + SEaps + S5y (18)

When measurements are made, shielding effectivenesss obtained by dividing the value of

the transmitted signal and the forcing signal (tha,signat=rom the source of the interference):

SEan = 20logso 2% = 20logy 2, (19)
where: E is the electric field and H'isithe tignetic field strength, and ,,in” and ,,out” indicate the
transmitted values, respectively.

To simulate the shielding €ifciiveness of the CFRP, the model in Python was built. It
includes parameters for tie palyraer matrix, such as high-frequency dielectric constant relaxation
time in seconds, paramecirs for the carbon fibers: real part of fiber dielectric constant and
electrical conductivity of the fiber in S/m, and it takes into consideration the multilayer CFRP
stack.

Table 4. Parameters used in simulation model

High-frequency dielectric constant 2.95
Characteristic relaxation time in seconds 1x107-3x 107
Relaxation strength 2-4
Broadening exponent (0 < a <) 0.1-0.3

The volume fraction of inclusions in the matrix (0 < vol_frac < 1) 0.6

To describe how the CFRP responds electrically to an alternating electric field over a range
of frequencies, the multi-relaxation (multi Cole—Cole) model was used. In the Cole-Cole model,
the complex permittivity is expressed as [36]:

12
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Agj O(w
e(w) =gy + Z?:lm —lw(—go), (20)
where: e(w) is the complex permittivity as a function of angular frequency w, & is the
permittivity at infinite frequency, A¢j = &sj—e; IS the relaxation strength of the j-th process, z; is
the relaxation time of the j-th process, f; is the Cole—Cole distribution parameter (0 < pj< 1)
describing broadening of the relaxation, o (w) is the conductivity (an optional term, often added
to include conduction loss of polymer or composite materials with fillers, which conduct
electricity), and & is the vacuum permittivity.

For constrained carriers (e.g., fragmented pathways, contact/back-scattering), the Drude
conductivity improves complex frequency-domain behavior:

)

O(w) = 1—jor’ (21)
where oy is the DC conductivity and 7 is the velocity relaxation ¢y,

To estimate the effective dielectric permittivity of the C=RP) the Maxwell-Garnett function
can be used [28, 30]. The formula for the effective perniittiviity (eerr) according to the Maxwell-

Garnett theory for anisotropic inclusion is:

T _'°-'uﬁzm)_>]
Vo}ki fst+Li(Einc—enst))

Eeff = Enst )
[1_fv01< (€inc=€nst) >]
N shst+Li((£inC_£hst))

(22)

where: enst is the permittivity of #he hipst enedium and is equal to e(w) from (8), einc is the
permittivity of the inclusion niaearia; fuor is the volume fraction of the inclusions within the
composite, and L; is thedepolarizadon factor (0 < Li < 1). Assuming that the fibers are oriented
along the z-axis and needicylike limit, Ly = Ly =", L, = 0.

The anisotropic permittivity tensor for the CFRP is as follows:

Eeffx 0 0
gg=| 0 ety O | (22)
0 0 Eeff,z

In practical applications, a composite material in which the matrix and/or inclusions exhibit
Cole—Cole type dispersive behavior can be modeled by representing each constituent with an
appropriate Cole—Cole function. Subsequently, the Maxwell-Garnett formulation is employed
to determine the composite’s effective permittivity. This integrated approach enables the
simultaneous consideration of the microscopic relaxation phenomena and the macroscopic
influences arising from material heterogeneity.

For high frequencies or near percolation, it is necessary to apply percolation correction for
conductivity. To include displacement currents:

0(w) ="' (@) +jo" ) = 0.on(w) + jwEgEeri(w). (23)

13
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For the epoxy (matrix), ocon = 0. For carbon fibers, ocon is large and weakly dispersive across
microwaves, it is caused by the skin effect, which changes current distribution but not bulk .
For DC percolation baselines, near the percolation threshold ¢. for the conducting phase (paths
in the measured direction):

a) Above thresholds:

Opc = Ofiber ((l) - d)c)_s! (24)
b) Below thresholds

Opc = Omatrix (¢ — ¢c)t! (25)

where t and s are critical exponents. Typical 3D values of those exponents are t~ 1.6 — 2.0,
s = 0.7-1.0. In the case of a conductor-insulator mixture, oriper= 0.
For AC scaling near ¢. the conductivity is equal to:

o($, w) % (p — Pt @ * jw((Pp — g )=, (26)

where @ is the universal scaling function.
To cover the entire ¢ range (not only asymptoticalty iear ¢c), McLachlan’s general effective
medium (GEM) Eg. (27), was used.

(t\/ Umatrix_t\/ Oeff) + ¢(il7ﬁger_tx/ eff) =0 C = 1-¢¢
t\/o'matrix"'ct\/o'eff 5/-5 f&ber"'ct\/aeff ’ oc '

where ot is the composite’s effectivie coirdctivity, while ¢ and t are fitting parameters related
to percolation behavior.

This form allows one to solveytypically numerically) ot given known constituent properties
and volume fraction [37/38]

The wave number keerifin the carbon fiber reinforced polymer is related to the attenuation of
an electromagnetic wave witnin that material, which directly affects the absorption coefficient.
It is given by:

1-¢) (@7)

kcrrp = W~/ UoHy-Ep Eeff- (28)

The attenuation coefficient for absorption loss is given by the equation:

a = o[22 (JReleer)? + UmleeaD)? — Releeg])|- (29)

The final result of the simulation is a waveform showing the effectiveness of CFRP protection
against electromagnetic radiation in the frequency range from 100 kHz up to 10 MHz and 1 MHz
to 1 GHz for selected parameters of the composite.

14
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The simulations performed show that a typical CFRP exposed to electromagnetic radiation
of a certain frequency behaves differently for different wave frequencies. For lower frequencies
(from a few hundred hertz to several megahertz), the signal is amplified, which can cause damage
to the electronics we want to protect [32, 33, 34]. On the other hand, above several hundred
MHZz, the higher the frequency, the better the interference signal is attenuated, which coincides
with the findings of other researchers. The results were compared with [39, 40]. Also, simulated
waveforms show a resemblance to the experimental results reported in [41], particularly with
respect to the amplitude variation dynamics across the corresponding frequency intervals.
Further work on the development of the simulation model will allow for an even more accurate
representation of the physical phenomena occurring in the discussed material and will support
the development of a material based on carbon fibers that protect electronics against LEMP

pulses.
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4. Conclusions

Based on the simulations presented, it can be concluded that carbon fiber reinforced polymer
(CFRP) enclosures provide excellent electromagnetic shielding effectiveness at frequencies
above a few megahertz, with steadily increasing SE values that make them highly suitable for
protecting electronics against the high-frequency components of near-lightning EMPs. However,
at very low frequencies (below ~1 MHz), the CFRP may offer limited or even negative
attenuation, effectively amplifying incident magnetic fields and emphasizing the need for
supplementary mitigation strategies when low-frequency EMP components are of concern. The
modified transmission line with linear current attenuation (MTLL) model reproduces near-field
current waveforms and resulting magnetic fields more accurately than the MTLE model,
establishing it as the preferred choice for near-strike EMP simulations. In UAV applications,
CFRP enclosures offer a weight-efficient solution for magnetic™shielding, but anisotropic
conductivity and fiber orientation must be considered to optimize protection, particularly in the
critical 1-10 MHz range. Furthermore, introducing conductiye or.magnetic interlayers within
CFRP stacks shows promise for enhancing low-frequency-ab&arrtion and reducing amplification
effects, pointing to a potential direction for future material irnovation.

When creating the simulation model, the author ‘wvas hware of the complexity of modeling a
material like the CFRP in terms of its electrical\Urenearties. During the model development, many
aspects were omitted or simplified. The next stejd will be to expand the existing model to include
these aspects.
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