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Abstract — Electromagnetic simulation and pre-analysis
of electromagnetic compatibility for lightning effects are
important. It is difficult to estimate the surface current
of surface structures represented by thin lines. In this
study, we simplified the partial element equivalent circuit
(PEEC) equation and deduced an equation for the mag-
netic field based on the thin-line representation method.
An inversion method was used to determine the surface
current in a frequency-domain PEEC. Parallel computing
technology was used to improve the inversion efficiency.
Additionally, the capacitive and inductive characteris-
tics of the elements of Darney’s circuit method were
developed for PEEC. The results were compared with
calculations using the finite integration technique. The
application of the thin-line representation method was
broadened, and its efficiency has been improved.

Index Terms — Lightning current distribution, magnetic
field distribution, partial element equivalent circuit, thin-
line representation method.

L. INTRODUCTION
As the complexity and intensity of the electromag-
netic environment increase, electromagnetic simulation
and pre-analysis [1-5] become more important, espe-
cially in the analysis of structural surface current dis-
tributions and magnetic field distributions [6, 7-13].
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The distribution of the lightning surface current and
magnetic field is important, particularly for lightning
protection.

Among electromagnetic simulation methods, the
thin-line representation method [14-16], proposed in
1986, is well known for its high efficiency. In recent
years, it has attracted the attention of scholars because
it can rapidly perform sensitivity analyses [17-20]. The
thin-line representation has been applied for solving
electromagnetic problems under the framework of the
classical circuit [21, 22] and partial element equiva-
lent circuit (PEEC) [23]. The framework of the classi-
cal circuit described in the previous study, also called
Darney’s circuit method, has been extended for electro-
magnetic compatibility and electromagnetic interference
(EMC/EMI) [24]. The PEEC framework described above
is called the one-dimensional (1D)-PEEC.

Thin-line representation is likely to become an
important preparatory step for future electromagnetic
simulations [25]. It is mainly used to solve difficul-
ties related to structures composed of lines such as
high-voltage transmission towers and grounding grids
[26-28]. Li analyzed the shielding effect of modern
buildings with wire mesh structures in a lightning envi-
ronment [29]. Ye et al. proposed an efficient full-
wave PEEC equation for thin-line structures in a lossy
ground for transient lightning analysis [27]. Prost et al.
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conducted thin-line modeling of A320 landing gear [30].
However, these studies only considered the application
of the thin-line representation when the structure was a
thin wire rather than surface structures.

For surface structures, the structure is represented by
parallel lines, or only the cross-section is analyzed [25].
Several studies have considered the application of the
thin-line representation for surface structures. Lv used
thin-line representation to analyze the scattering of an
aircraft [31]. Torchio used a method based on PEEC to
analyze fast voltage transient and toroidal coils in a JT-
60S A fusion reactor [23, 32]. This study showed that the
thin-line representation could simulate full-wave electro-
magnetic processes using appropriate solution methods.
Howeyver, there are few studies on current distribution in
lightning environments.

Regarding the lightning current distribution of sur-
face structures, Parmantier et al. analyzed the cable
response in a lightning environment under a simplified
two-dimensional (2D) cross-section [25]. In these stud-
ies, the current was restricted to the flow perpendicular
to the cross-section [21, 22]. Although they simulated
the proximity effect of the lightning current, the study of
the lightning current distribution involves far more than
that.

The difficulty in inverting the surface current dis-
tribution of a surface structure lies in determining the
height of the magnetic field strength, which is associated
with the surface current. In the finite-difference time-
domain (FDTD), the surface current can be calculated
using the magnetic field near the conductor [33]. Unlike
the FDTD, free space is not meshed regardless of Dar-
ney’s circuit method or 1D-PEEC. Therefore, the surface
current cannot be calculated directly using a magnetic
field.

In this study, PEEC equations were simplified by
analyzing the difference in the PEEC in a situation where
the surface structure is represented by thin lines. The
influences of simplification and delay on the results
were also analyzed. An inversion method for the sur-
face current distribution was proposed by calculating the
average value of the magnetic field strength of all sur-
face elements. In addition, parallel computing was used
to improve the efficiency of the method. Finally, the
capacitance-inductance duality characteristics in classi-
cal circuit theory were extended to PEEC.

II. PEEC METHOD
The PEEC method is an integration method that
introduces the concept of partial elements and performs
circuit interpretation on the electric field integral equa-
tion (EFIE) through the resistance, partial inductance,
and potential coefficient [23]. Thus, the resulting equiv-
alent circuit is studied by the Tableau analysis method
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or by means of Spice-like circuit solvers in both time
and frequency domains [23]. It is a full-wave method
based on EFIE and is widely used in EMC/EMI and other
research fields.

The application of the 1D-PEEC to aircraft lightning
effects differs from that of thin-wire structures such as
high-voltage towers, grounding grids, and down conduc-
tors. This difference is analyzed below. If the conductors
are thin-wire structures, the thin-wire representation is
very simple, as shown in Figs. 1 (a) and (b). When the
computational domain contains soil, the half-space of the
soil [27] and air must be considered.

For surface structures such as landing gear and air-
craft fuselages, the structure is simplified, or only the
cross-section is discretized, as shown in Figs. 1 (e)
and (f) [25, 30].

This paper focusses on current distribution inver-
sion, in which surface structures are represented by thin
wires, when lightning strikes an aircraft. Unlike the soil
medium that exists in a ground lightning strike environ-
ment, only one air medium exists when an aircraft is
struck by lightning. When the aircraft is discretized using
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Fig. 1. Continued.
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Fig. 1. Power PEEC of the thin-wire model. (a) Thin-line
representation process of a high-voltage tower [27, 35],
(b) thin-wire representation process of a grounding grid
[35], (c) structures modeled as thin lines, (d) equivalent
circuit diagram of some nodes and sticks, (e) thin-wire
representation process of landing gear [30], and (f) thin-
wire representation process of aircraft fuselage cross-
section [25].
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triangular surface elements, the edges of the triangle are
extracted as line segments, as shown in Fig. 1 (c). The
equivalent circuit model can be obtained according to the
PEEC, as shown in Fig. 1 (d).

In Fig. 1 (c), the red dots represent the poten-
tial (capacitance) matrix node, which correspond to the
potential matrix element C;;, and the blue crosses rep-
resent the inductance (current) matrix node, which cor-
responds to the resistance matrix element R, , and
inductance matrix element L,, ,, of the sticks, where the
subscripts i, j, and k represent the ith, jth, and kth points,
respectively, and m and n represent the mth and nth
sticks, respectively. i; represents the injected current of
the node.

According to Fig. 1 (d), the PEEC equation can be
expressed as:

AT R+joL] [V —~Vs

joP '+Y, A I Is
where A is the correlation matrix that represents the rela-
tionship between the line sticks and the nodes. The resis-
tance matrix, R, is a [x/ diagonal matrix (where / is the
number of the sides of the objects, inductive elements).
The matrix of inductances, L, is a /x[ matrix where [
is the number of the inductive elements (sides) that dis-
cretize the objects and w is the angular frequency. The
matrix of coefficients of potential, P, is an nxn matrix,
where n is the number of nodes (capacitive elements)
that are the endpoints of the inductive elements (from the
standpoint of the electrical equivalent circuit). Yy, is the
admittance matrix, V is the node voltage, I is the current
of the sticks, Vj is the external voltage excitation, and I
is the external current excitation. Because P is nonsparse
to avoid its inversion matrix, the above equation can be
rewritten as:
AT R+4joL] [V —Vs
jol+PY;, —PA I PIs
The voltages and currents at the grid nodes can be
solved by inverting the matrix. To calculate the matrix in

equation (2), this study used the Gauss-Legendre quadra-
ture formula [23].

QY

- @

III. SIMPLIFICATION OF PEEC AND THE
INVERSION METHOD OF SURFACE
CURRENT DISTRIBUTION

A. Simplification of PEEC

In PEEC for surface structures, using a finite num-
ber of sticks to represent the conductors may introduce
a capacitance that does not exist. To avoid introducing a
capacitor, the current flowing through it can be ignored.
The PEEC equations can be simplified as:

R+joL AT][1] [-Vs
CNIEE] e



To analyze the influence of simplification, the results
of considering and not considering the capacitor are
compared in parts A and B of section IV by sweeping
the frequency and injecting the time-domain lightning
current, respectively.

Because lightning current is typically expressed as a
function of time I(7), fast Fourier transformation (FFT) is
required to obtain I(®); thus, the current in the frequency
domain can be obtained via equation (3). The current in
the thin wire ; in the time-domain can be obtained by
performing an inverse FFT (IFFT) on the results. The
errors caused by the FFT and IFFT are also analyzed in
part C of section I'V.

B. Magnetic field calculation method

According to Maxwell’s equations, the magnetic
field and vector magnetic potential satisfy the following
relationship:

B=VxA. 4)

Thin-line currents can then be used to calculate the
vector magnetic potential. The magnetic field intensity at
observation point P is generated by all the line currents
passing through the following'

V><A 1

r—r

/I><r )

where /; represents the length of the ith line, I; represents

the current vector on the ith line, and ‘ r;, —r ’ represents
the distance between the observation point and differen-
tial element. To distinguish it from 7, 7’ is used to repre-
sent the distance between P and the integration position

point.

C. Inversion method of the surface current distribu-
tion

After obtaining H, J; can be expressed according to
the continuity conditions at the interfaces:

Js=enx (Hp—Hy). (6)

The surface current density can then be derived from
the magnetic field using equation (6). In FDTD or FEM,
surface currents are often calculated by interpolating
adjacent grids [36]. In the 1D PEEC, only the conduc-
tor is meshed, whereas free space is not (as shown in
Fig. 1). In this case, the positions of H; and H; cannot be
determined and, as a result, J; cannot be estimated using
equation (6). The key to estimating J lies in determining
the height of the magnetic field calculation.

To determine the height, ignoring the influence
of other strong magnetic field sources, for a current-
carrying conductor, the closer the magnetic field obser-
vation point is to the current-carrying conductor, the
stronger the magnetic field strength.
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Based on the assumptions above, the magnetic field
at the height at which the maximum magnetic field
occurs can be used to estimate J;. However, when the
structure is represented by thin wires, the surface element
is filled with an air medium, and all thin-line currents
generate a magnetic field. Therefore, it may be difficult
to determine the height of the peak value of the magnetic
field.

The magnetic field strength of all the surface ele-
ments is determined by taking the radius of the thin wire
as the step size. The height of the magnetic field calcu-
lation point is then defined as k times the radius of the
conductor, as shown in Fig. 2.

g

The y-th element

 a—

basis,

Tii F & —]

The i-th stick

Fig. 2. Inversion method of the surface current distribu-
tion.

The average value of the magnetic field strength of
all surface elements is defined as:

Nelement

vl
Ja (k) = ———. (7

Nelement
In equation (7), Hy is the magnetic field strength at a

height k-r; ; from the y-th element. When j, (k) is largest,
k is defined as k;;;4y.

Because the normal vector of Hy is caused by the
thin-line representation and k,,4-7;; height, the magni-
tude of the magnetic field at &, is used to estimate the
surface current:

Jy = ||Hy (kmax)|| - (8)

In equation (8), the modulus of the magnetic field
strength is used to calculate the surface current, rather
than the tangential component. Therefore, it is neces-
sary to analyze the differences caused by the orthogonal
decomposition.

To analyze the difference, a unit orthogonal basis,
Im} and m, on the face element can be determined
by the vertices of the face element. The direction of the
face element is defined as: .

n_; = basisy X basis,. ©)]

HAHYH represents the difference between the mag-
netic field modulus and the tangential component:

AR | = 1| -

% .
Hy e basis) - basis| + Hy e basis; - basis> H (10)
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The subtrahend in equation (10) represents the mag-
nitude of the tangential component of Hy. Thus, the aver-
age error caused by the orthogonal decomposition can be
expressed as:

Nelement

AH, |

Errorop A (11)
IV. RESULTS AND DISCUSSION
A. Analysis of the influence of P and delay on the
results by sweeping frequency

We first analyzed the impact of the potential matrix
and delay on the results from a frequency-domain per-
spective. Then, we analyzed the efficiency and accuracy
of different simulation settings under lightning current
excitation and compared them with the finite integration
technique (FIT).

In the frequency-domain analysis, currents of dif-
ferent frequencies were injected into an aluminum plate
with dimensions of 500%x250x2 mm. The current inflow
and outflow points are shown in Fig. 3 with an injected
current value (Ijnjec;) of 1 A. The structure was automati-
cally divided into triangular surface elements using com-
mercial software, and the vertex coordinates of the sur-
face elements were extracted to form a thin-wire model
constructed using triangular vertices. The number of
nodes N was 689.

The current
injection point A

\ S
R
AVAVS J> . The current
* < outputpoint

> 0.05

Fig. 3. Current outflow and inflow points after flat plate
meshing.

As described in part A of section III, the PEEC is
simplified by ignoring the capacitance (P). It is necessary
to analyze the effect of P on the results. If the capacitance
was considered, equation (2) was used. Otherwise, with-
out considering capacitance, equation (3) was used for
the solution.
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Delay is another factor that influences the results,
particularly for large structures. To consider the delay,
internal elements P and L in equations (2) and (3) must
be modified as follows:

Py = P.e /42l
Ly=L-e Jd2mf Vel

In the above equations, P and L are the matrix ele-
ments when the delay is not considered, and P; and L,
are the matrix elements when the delay is considered. d
in equation (12) is the distance between nodes, f is the
frequency of the injected current, and o and &g are the
magnetic permeability and dielectric constant in vacuum,
respectively. For the specific codes, refer to [36].

The effect of delay on the results was related to the
relative size. The relative size is defined as follows:

Ly c

S=2X__-_

LT -
where S is the relative size, I, is the wavelength, I, is the
physical scale, c is the speed of wave propagation, and f
is the frequency.

Results for different frequencies were compared
with those obtained with and without considering P and
the time delay, as shown in Fig. 4. The percentage error
in Fig. 4 can be expressed as:

- 2
N : .
Zj:l (’j - lj)
error= ———%. (14)
Iinject

In equation (14), Iy jec; is the injected current, which

was set to 1 in the situation. N is the total number of
current nodes, which was 689. i; is the current of the j-

th node when considering capacitance and delay. When

12)

The relative size
1000000 100000 10000 1000 100 10

15 |l |I |] |[ |l 1

10

Errory(%)

1
1 10 100 1000 10000
Frequency(kHz)

Fig. 4. Error at different frequencies. Error; and Error.,
calculated by equation (14) represent the differences
caused by not considering delay and not considering
capacitance and delay, respectively.



calculating the error caused by ignoring delay, E is the j-
th node current when delay is ignored and capacitance is
considered. When calculating the error caused by ignor-
ing capacitance and delay, ; is the node current without
considering capacitance and delay.

As shown in Fig. 4, with an increase in the fre-
quency, the error caused by the delay was relatively small
at 1 MHz (S>600, within 2%). It exhibited a rapidly
increasing trend after exceeding 1 MHz (S<600). How-
ever, the error was still small, only 9.9% at 10 MHz
(S=60), compared to the results obtained when ignoring
P. This is because the aluminum plate analyzed in this
study was small.

Ignoring P caused a large difference in the cal-
culation results. The error reached 22% at 100 kHz
(S=6000).

B. Analysis of the influence of P and delay on the
results by injecting lightning current component A

The lightning current component A in SAE-ARP-
5412 with a duration of 300 ps was sampled at 1 MHz
and replaced with the swept frequency current described
above. The equation for the lightning current component
A is defined as:

1(6) = Io (e—“’ —e_ﬁt) (1—e ™  (5)
In equation (15), [p=218810, a=11354, f=647265, and
Y=5423540. Subsequently, the signal transformed by the
FFT was set to inject the current. In Fig. 5 (a), the wave-
form of lightning current component A is represented
by the red curve. Its frequency component is shown in
Fig. 5 (b). As shown in Fig. 5 (a), the coordinates of the
observation point position P3 were (0.125, 0.250, 0.050)
[unit: m].

As shown in Fig. 5 (b), in terms of the frequency
components of the lightning current component A, most
of the frequency components were within 10 kHz. There-
fore, errors caused by P may still be extremely small.

As shown in Fig. 5 (a), the results when the potential
matrix was considered were higher than those when the
potential matrix was not considered. The error between
the two values was within 18%. Moreover, as the wave-
form slowed down, the error caused by P gradually
decreased, which was caused by w in PEEC (see equa-
tion (1)). If @ is small, joP~! is small and joP !+
Yy can be set to 0. Then, equations (1) and (3) are
equivalent.

From the frequency perspective, the trailing edge
of the lightning current waveform corresponded to the
low-frequency region, and the error in the low-frequency
region was relatively low, as shown in Fig. 4.

In any case, the error at the peak moment in the
time domain was considerably lower than that shown in
Fig. 4 because the lightning current component A had
greater energy at low frequencies.
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Fig. 5. Injected lightning current waveform and magnetic
field waveform at the observation point. (a) Magnetic
field waveform at position P3 and the injected current
and (b) frequency component of lightning current com-
ponent A.

As shown in Fig. 5 (a), the high amplitude of the
magnetic field caused by P can be explained in two ways.
First, in the EFIE, the scalar potential term causes the
electric field to increase, which leads to an increase in the
thin-line current in the solution. Second, the addition of
a potential matrix considers the current in the capacitor
branch. The current in the capacitor increases the ampli-
tude of the thin-line current when it flows into the node.

However, before the actual non-thin wire conductive
structure was meshed, the inside of the structure was not
filled with air. The capacitance term in PEEC could not
be introduced at this time. By comparing the results of
PEEC and FIT, it was found that the consistency between
the FIT and PEEC was higher when the capacitance term
was not considered. At this point, P caused the magnetic
field calculation results to be too large.
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C. Analysis of the influence of FFT and mesh density
on the results

Because the accuracy of the results highly depends
on the mesh density and FFT operations, the influence of
the related settings of the mesh density and FFT should
be analyzed.

Simulation settings are listed in Table 1. Methods 1-
3 were used to compare the impact of the mesh density
on the results. In addition, Methods 4-8, which involved
changing the sampling frequency and duration of the
source, were used to compare the impact of FFT on the
results.

In the simulation, five observation points were
selected to analyze the amplitude of the results. The coor-
dinates of these points were P1 (0.075, 0.250, 0.050),
P2 (0.125, 0.150, 0.050), P3 (0.125, 0.250, 0.050), P4
(0.125, 0.350, 0.050), and P5 (0.175, 0.250, 0.050) (unit:
m). The results for these five points are listed in Table 2.
Because P3 is above the center of the plate, P1 and P2 are
symmetrical, and P4 and P5 are symmetrical. The x-axis
magnetic fields at P1, P2, P4, and P5 should be equal.

Under different mesh densities (Methods 1-3), this
feature became more evident as the number of thin lines
increased. In Method 3, the difference in the magnetic
fields between the two pairs of symmetrical positions

Table 1: Simulation settings and time consumption
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was considerably smaller than that of the FIT, which
indirectly verified the accuracy of the results. At the same
time, when comparing Methods 4-8, changes in the sam-
pling frequency and waveform duration did not cause
major changes in the results.

In addition to amplitude comparison, the magnetic
field at the center point was compared, as shown in
Fig. 6. Because the time-domain waveforms under differ-
ent simulation settings were not very different, we com-
pared the single-sided frequency spectra of the results in
Fig. 6 (a), as shown in Fig. 6 (b).

Comparing the results of Methods 1-3 in Fig. 6 (b),
the power spectra of different mesh densities were con-
sistent. The duration of the excitation source and the
sampling frequency affected the spectrum.

The effect of the duration on the result was small,
as in Methods 4 and 6 in Fig. 6 (b). The reason for the
small difference is that the FFT of the nonperiodic sig-
nal was obtained by extending the signal after truncation,
and lightning current component A had less energy after
300 ps.

The sampling frequency had a greater impact on
the spectrum than on the waveform time, as in Meth-
ods 4 and 5. As the sampling frequency increased, the
spectrum gradually became consistent with that of the

Method Number of | Number of | Sampling Frequency (MHz) | Time of Waveform (us) | Time (s)
Sticks Nodes
Method 1 45 20 2 100 0.089338
Method 2 689 250 2 100 11.745
Method 3 4597 1584 2 100 1158.3
Method 4 689 250 10 300 176.47
Method 5 689 250 100 300 1818.31
Method 6 689 250 10 500 301.3620255
Method 7 689 250 500 100 3002.46
Method 8 689 250 2 500 57.7893795
Number of Cells Frequency Range (MHz) | Time of Waveform (us)
FIT 38080 0~100 100 2 h 58 min
Table 2: Simulation results of different methods
Method Peak Value of Magnetic Field Intensity of X-Axis (Ka/M)
P1 P2 P3 P4 P5
Method 1 239.06 247.63 236.39 235.76 231.37
Method 2 239.30 240.98 236.59 241.23 238.46
Method 3 238.32 238.24 233.69 238.25 238.31
Method 4 239.46 241.18 236.79 241.43 238.62
Method 5 239.46 241.18 236.79 241.43 238.62
Method 6 239.5 241.26 236.88 241.52 238.68
Method 7 239.27 240.95 236.55 241.19 238.44
Method 8 239.52 241.25 236.87 241.50 238.67
FIT 237.9 238.4 230.9 238.4 237.9
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Fig. 6. Results of the FIT and PEEC methods. (a) Time-
domain waveforms obtained using different methods and
(b) frequency-domain waveforms obtained using differ-
ent methods.

FIT. Although there were certain differences in the fre-
quency domains between the different frequency meth-
ods, Table 2 and Fig. 6 (a) show that the peak value
and time-domain waveform of the magnetic field were
not significantly different. Therefore, the magnetic field
results obtained using the simplified PEEC equation
were accurate. In addition, the results indicated that the
relevant settings and solution results of the entire FFT
and IFFT processes were reliable.

From the perspective of computational time, the
thin-line model under the PEEC method was consid-
erably faster than that under the FIT. As shown in
Table 1, the grid became denser and the calculation time
increased; however, the time was significantly less than
that taken by the FIT. Therefore, the line-network model
was more efficient.

D. Surface current distribution

Next, the method for estimating the surface current
distribution was verified by comparing it with the FIT.
The average error caused by orthogonal decomposition
(Errorpp) was also analyzed.

The Errorpp values calculated using equation (11)
and the average current density j,(k) of the surface ele-
ment calculated using equation (7) at different k values
at 6 us are shown in Fig. 7.

Figure 7 shows the average current density on
the surface elements, which first increased and then
decreased with increasing height. The maximum sur-
face current was observed when k reached approxi-
mately 10 (at a height of approximately 10 mm). Errorgpp
first decreased and then increased with height, reach-
ing a minimum value when k was approximately 3 (at
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Fig. 7. Results of Errorpp and j, (k) at different heights.

a height of approximately 3 mm). The normal magnetic
field component of the panel near this position was the
smallest.

As shown in section III, the magnitude of the mag-
netic field at k,,,,, can be used to estimate the surface cur-
rent rather than the tangential component and minimum
height of Errorpp. We explain the reason for this esti-
mation by presenting the results of the surface current
distribution in Fig. 8. Surface currents were calculated
using k=10 and k=3. FIT results were used for compar-
ison, as shown in Fig. 9. Moreover, the maximum and
minimum values of the color bars are kept consistent in
Figs. 8 and 9.

As shown in Fig. 9, the lightning current flowed
along the edges. In addition, results indicate that the
current flowing through the edge was approximately
4.5x10° A/m. The currents at the injection and outflow
points exceeded 8 x 10> A/m.

As shown in Fig. 8 (a), the tangential component
may not be suitable for inverting the surface current dis-
tribution. Orthogonal decomposition of the plate-edge
magnetic field would result in loss of the magnetic field
in the normal direction, decreasing the current density on
the edge surface.

When k=3, Errorpp was the smallest, the sur-
face current at the injection point was greater than
6x10°> A/m, and the edge surface current density was
approximately 3x 10°> A/m, as shown in Fig. 8 (b). How-
ever, the estimated results for the surface current were
too small, which indicates that the minimum height of
Errorpp cannot be used to reflect the surface current dis-
tribution.

When k=10, j,(k) was largest, and the inversion
results of the thin-wire model were closer to the FIT
results. Therefore, FIT verified that the surface current
density could be effectively inverted by determining the
height with the maximum average current density.
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Fig. 8. Results of the current distribution. (a) Surface
current distribution at k=10. The height of the magnetic
field calculation point for each surface element is 10 mm.
(b) Surface current distribution at k=3. The height of the
magnetic field calculation point for each surface element
is 3 mm.

According to the above analysis, the thin-line model
did not exhibit a stronger magnetic field closer to
the observation point of the current-carrying structure.
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Fig. 9. FIT results of the lightning current distribution of
the plate at 6 ps.

Instead, as the distance decreased, it showed a trend of
first increasing and then decreasing, as shown in Fig. 7.

E. Current distribution inversion for a real case

In part D, an inversion method for the surface cur-
rent distribution of the thin-line model is introduced.
Although a flat plate is the basic unit of complex struc-
tures, there are many structures with large curvatures,
such as aircraft wings and vertical tails. Therefore, light-
ning current distribution in an elliptical barrel was ana-
lyzed.

The long semi-axis of the elliptical barrel was
90 mm, the short semi-axis was 45 mm, and its length
was 1.2 m. The lightning current was injected through
four points and flowed out from four points, as shown in
Fig. 10. The lightning current component A injected into
the structure was 200 kA. Therefore, the current injected
at each point was set as 50 kA.

The number of sticks and nodes and the calculation
time for the elliptical barrel after being represented by
a thin line are listed in Table 3. To avoid meshing the

Fig. 10. Schematic diagram of elliptical barrel lightning
current injection.
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Table 3: Simulation results of different methods

Sampling
Frequency
(MHz)

Number Number

Method of Sticks of Nodes

Time of
Waveform

(us)

Inversion Time (s)
Without Using Using Parallel
Parallel Computing
Computing

Calculation
Time/s

PEEC 15970 5350 1

14653 26481 4074

Frequency

Range (MHz) 100
0100

Number of Cells
FIT 63648

Calculation Time (s)
72534

I-mm-thick structure, the elliptical barrel was modeled
as a 1-mm-thick surface. If the mesh step size was too
small, the calculation time was very long.

According to Table 3, when the number of sticks and
nodes was large, that is, when the number of surface ele-
ments was large, the inversion time was longer, which
is equivalent to the calculation time. This is because the
inversion process of every surface element must calcu-
late the contribution of all line currents. The calcula-
tions of the current distribution for each element were
independent of each other. Therefore, parallel computing
technology was introduced with 12 workers, and the time
required to invert the panel current was reduced sharply
from 26481 to 4074 s.

The representation of the physical structure using
the thin-wire model fixes the flow direction of the cur-
rent, which may be one of the reasons for its high com-
putational efficiency. Based on these comparisons, the
use of PEEC under the thin-line model was more effi-
cient than the use of FIT. This is possibly because mag-
netic field and surface current distribution of the entire
calculation space were not obtained, unlike in FIT. Sub-
sequently, magnetic field and surface current distribution
results were obtained by post-processing the results. For
complex models, the inversion time may be extremely
long; however, as shown in Table 3, the inversion effi-
ciency can be improved through parallel computing.

In addition, the surface current distribution at 6 s is
shown in Figs. 11 (a) and (b), and the Errorpp calculated
using equation (11) and the average current density j,(k)
calculated using equation (7) at different k values at 6 ps
of the elliptical barrel are shown in Fig. 11 (c).

Figure 11 shows that even for a structure with a
certain curvature, such as an ellipse, the surface cur-
rent distribution obtained by the inversion method in this
study was highly consistent with FIT. In addition, as
shown in Fig. 11 (c), even when the model and struc-
ture thicknesses changed, the magnetic field calculation
point position remained near k=10. The error caused by
orthogonal decomposition was different from that shown
in Fig. 7 and continued to increase.
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Fig. 11. Lightning current distribution results for the
elliptical barrel: (a) PEEC results, (b) FIT results, and
(c) Errorgp and j,(k) at different heights in the elliptical
barrel case.
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V. DUAL CHARACTERISTIC ANALYSIS
UNDER THE PEEC FRAMEWORK

In sections IIT and IV, the PEEC equation is simpli-
fied by ignoring P, and surface current distribution inver-
sion is discussed. For high frequencies and certain situa-
tions where electric field effects are considered, such as
electromagnetic wave scattering and HIRF problems, it
is necessary to consider the potential matrix. For some
complex structures, nonsparse P and L matrices often
require large amounts of memory storage and calculation
processes.

Although Darney et al. analyzed the P and L charac-
teristics of a 2D cross-section [21], the equation in three-
dimensional (3D) space was not given. Therefore, the
equation for the 3D thin lines was derived as follows:

Lij-Cij = Lij/pij- (16)

However, equation (16) is not completely equal and
cannot be established even at certain positions.

For some edge points, the length of the sticks when
calculating the potential node was inconsistent with the
length of the inductance sticks, such as the starting point
of a long straight wire. Second, because the inductance
matrix is defined based on sticks, its dimensions are [x1,
whereas the potential matrix is defined based on nodes,
and its dimensions are nxn. For a set of L; ; and C; ;
with the same subscript, there may be no correspondence
between the points and lines.

Simple mathematical operations were performed on
the above equation to present it in graphical form:

Lij-Cij
= =
Uo- W& -& < 1,1 >

In particular, when /; and /; are perpendicular, the
denominator of the above equation is zero and the equa-
tion does not hold.

To verify equation (17), a finite-length straight wire
was used as a simple example. The wire was divided into
several segments. The first 10 rows and first 10 columns
of the P and L matrices were substituted into the above
formula, and the results were compared when the num-
bers of Gaussian calculation points were different, as
shown in Fig. 12.

Because P and L are symmetric matrices, and the
nodes and sticks correspond exactly for long straight
wires, the matrix shown in Fig. 12 was also sym-
metric. In addition, Gaussian calculations for the num-
ber of points can strengthen the relationship in equa-
tion (17). This is because the calculation results became
more accurate as the number of calculation points
increased. For Row 1 and Column 1, the addition
of Gaussian calculation points did not significantly
change the results. In addition, the first point in Row
1 and Column 1 did not satisfy equation (17). This
is because Py or Cy; is an isolated point. When the

~ 1. 17
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Fig. 12. Relationship between the P and L matrices: (a)
number of Gaussian calculation points is 100 and (b)
number of Gaussian calculation points is 2.

point is calculated, it is only half the integral path
of len;.

In addition, the matrix elements of the first 10 rows
and columns of the P and L matrices in Method 2 shown
in part B of section IV and in the literature [36] were
compared. The plate in [36] was divided into a rectangu-
lar grid using equation (17), and the calculation results
are shown in Fig. 13.

The rectangular mesh had more positions that com-
plied with equation (17) because there were more finite-
length straight-wire structures [36]. Compared to rectan-
gular grids, triangular grids had fewer positions that sat-
isfy equation (17). This is because a set of L; ; and C; ;
with the same subscript mentioned above may not corre-
spond to nodes and sticks. In addition, the NaN symbol
in Fig. 13 indicates that the angle between /; and [; was
90°.

The P-L relationship may help researchers under-
stand the relationship between P and L while reducing
memory storage. Because the matrix constructed using
equation (17) has a large number, 1, as shown in Fig. 12,
it is only necessary to construct a dense P or L and con-
struct a sparse P-L relationship matrix by setting 1 to O
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Fig. 13. Relationship between the P and L matrices of
different grids: (a) rectangular grid and (b) triangular
grid.

in the matrix, thereby establishing another dense matrix
based on the sparse P-L relationship matrix. This oper-
ation can reduce the storage space of a dense matrix,
thereby improving its performance.

VI. CONCLUSION

To address the question of lightning current distri-
bution when a non-thin wire structure is equivalent to a
thin-line model, this study developed the PEEC method
and performed it in the frequency domain. A magnetic
field calculation equation was derived, which is more
convenient for experimental verification. An inversion
method for the surface current density was then estab-
lished. In addition, parallel computing technology was
used to increase inversion efficiency. The method in this
study is extremely efficient and can be extended to simu-
late lightning current distribution in complex structures.
The accuracy of the results was close to that of the FIT.
The main conclusions are as follows.

(1) Calculation efficiency of the thin-line model was
considerably greater than that of the FIT. For flat
and elliptical structures, the calculation results were
highly consistent with those of the FIT.

(2) Influence of time delay and potential matrix on the

DUAN, TONG, HUANG, LI, QIU, SI, WEI, LING: INVERSION METHOD OF LIGHTNING CURRENT DISTRIBUTION

solution results was analyzed. It was found that
these influences depended on the frequency. The
error gradually increased with an increase in fre-
quency. When the scale of the problem was within
S = 60, the error caused by the time delay was
within 10%. Although there was a large difference
in the results caused by the potential matrix, the
results obtained by ignoring the potential matrix for
non-thin conductor structures were more accurate
when compared with the FIT.

(3) Surface current density of the thin-line model was
effectively obtained by inverting the surface current
through the maximum magnetic field position.

(4) For the thin-line model, as the height increased, the
magnetic field first increased and then decreased.
Even when the height was approximately 10 times
the radius of the thin sticks, the magnetic field inten-
sity was maximized for a flat plate or elliptical
barrel.
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