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Lightning-generated Transients in Buildings with an Efficient
PEEC Method

Ruihan Qi, Y. Du and Mingli Chen
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This paper presents a time-domain equivalent circuit approach for analyzing lightning-generated electromagnetic transients in
modern buildings. The building is represented by a wire-plate structure, and is modeled by internal impedance and external inductance
of current cells, and coefficients of potential cells. A vector-fitting technique is applied for modeling frequency-varying internal
impedance for time-domain simulation. With this unique formulation, the number of unknown variables is reduced, and computational
efficiency is improved significantly. Finally, lightning-generated impulse magnetic fields and voltages within a building are evaluated.
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. INTRODUCTION

For safety, lightning protection systems (LPS) are provided
in buildings to intercept lightning and to channel the
currents to ground via down conductors. The lightning current
generates substantial impulse electromagnetic (EM) transients
inside buildings. These transients can cause malfunctions or
damages to electronic equipment. To provide -effective
protection for sensitive equipment, assessment of lightning
transients within buildings becomes indispensable.

Down conductors of a LPS are usually made by reinforcing
bar embedded in concrete columns and beams. Note that planar
structures such as metal decking and raised floor panels have
been introduced in buildings for constructing composite
concrete floors. These bars and plates are inter-connected to
form a large wire-plate structure, as illustrated in Fig. 1. This
structure can affect the lightning-generated electromagnetic
environment  significantly.  Recently, insulated down
conductors (IDCs) have been increasingly adopted for aesthetic
and economic reasons. They are generally routed in electrical
duct or on fagade. In such cases, the wire-plate structure plays
a significant role in mitigating lightning transients in buildings.

Over the years, many formulations have been developed to
solve for lightning transients in wire structures, including the
method of moments, finite-difference time-domain method and
finite element method [1-3]. Recently both the boundary
element method and finite element method have also been
applied successfully to solve shielding problems in frequency
domain [4-5]. These methods have great advantages in dealing
complex geometry and material properties. However, there has
not been any successful application in analyzing lightning
transients in a complicated structure with large plates and many
short wires.

The partial element equivalent circuit (PEEC) method was
originally developed to model EM coupling of short wires. This
technique has been recently employed to tackle magnetic field
problems of plates in the frequency domain [6-7], where the
plates are meshed into small volume cells with constant current
density. In [8] a time-domain approach for non-linear magnetic
materials was presented. In these studies a significant number
of unknowns is required for modeling large plates in order to

retain solution accuracy. To reduce the number of unknowns,
an analytical function was introduced for current distribution
across the plate thickness. This technique has been successfully
applied to solve for magnetic fields [9-12] in frequency domain.

This paper presents an efficient PEEC method for analyzing
time-domain lightning transients in buildings with a wire-plate
structure. In Section I, circuit models for both wire and plates
are presented, in which EM coupling among elements is
represented with inductance and capacitance. The internal
impedance and external inductance are introduced for efficient
computation, and a vector fitting technique is applied for time-
domain simulation. A special technique is presented to model
the joint of adjacent plates. In Section Ill, the numerical and
experimental validation of the proposed method is presented.
Finally, this method is applied to evaluate lightning transients
in a building.
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Fig. 1. Configuration of the building for transient evaluation

1. CIRCUIT MODEL OF BUILDING STRUCTURES

Fig. 1 illustrates a simplified building structure for lightning
analysis. It consists of a wire grid and several planar plates,
which represent reinforcing bars in concrete, and metal decking
or others. These metal wires and plates are bonded to the LPS,
and carry the discharge current during a lightning strike.

A. Equivalent circuit

Note that the eddy current within thin plates circulates along
the tangential direction. The plate with thickness d is divided
into a number of potential cells on the x-y plane, as seen in Fig.
2. Current cells are formed by taking the volume between the
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centers of adjacent potential cells. In each current cell, current
density varies along its thickness, and is described by a double
exponential functionj;(z) = J7e % + Jfe%, a = \/j2nfou,.
The total cell current is obtained by mtegrating Ji(2) over its
cross section, and is equal to I; = (Ji +J;)Aa; and Ag; =
w; sinh(0.5ad) /0.5a.
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Fig. 2 Configuration of potential and current cells

It is known that electric field can be expressed using
magnetic vector potential A and electric scalar potential V as,
E(r)+ joA(r) =-Vé(r) 1)
With free-space Green’s function G(r,r') =1/R(R = |r —
r'|), these potentials can be expressed using / and charge
density q as,
A Hy N ! '
A(r) =2 G(r,r")-J(r"dv

(=2 >[6(r.r)-3(r) o

$(r) = [47z,]" [G(r,r)-a(r)ds'

Integrating (1) over all four surfaces of current cell i yields
average potential difference V;; = V,, j — Vpp1q ),
Vy =J, o ds + jof jvj [Jje +Jje ]-Rdsdv'  (3)

The part contributed by E; can be rewritten as
v, .= i . cosh(0.5ad) 0, @)
Too@l+d/w) wil,
Note that d/w; « 1. Dividing voltage in (4) by cell current I;
yields the average surface impedance of cells, as follows:
7 - I 05ad I [UWid]il
" owd tanh(0.5ad) || [ow 2/

It is equal to the DC resistance at low frequency (ad « 1), and
an equivalent impedance determined by skin effect depth (2/a)
at high frequency (ad > 1). This is certainly considered as
internal impedance of cells, similar to the one for circular wires.

Similarly, ignoring the contribution from two side surfaces
of the cell, the part contributed by vector potential A is given by

Vip = Jw’”"j I J e+ )e ]{i+i}dv'ds

ad <<1

(®)

ad >>1

8w, R* R
d/2 (6)
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where R* and R are respectively the distances to the upper and

lower surfaces of cells, i.e.,R*/~=/Ax% + Ay? + (z £ 0.5d)?2
Inductance of current cells is then obtained as follows:

d/2 cosh(au) ,
L, = 4ﬂwAa j j jd/z dsds'du ™

Note that R* ~ VAx? + Ax? because of thin plate thickness.
Therefore, LL- ;in(7)is approximated by

L, ~ 47rWW j I — +—Ay dsds’ (8)

This is the inductance resulting from surface current on the cell,
and is considered as external inductance of cells.

As relaxation time of a conductor is much shorter than the
time of concern in transient analysis, electric charge is situated
on the conductor surface and is independent of frequency and
conductivity. Similar to the procedure stated for inductance
calculation, average potential arising from charge Q is given by

1
= —dsds 9
fom 167&As, As,, LM -[S +sn R Qn ®
where surface area As,, = w,l,, S, */~ isthe upper/lower surface
of potential cell n. Coefficient of potential p is then given by

1 1
=— - —dsds' 10
pnm lGﬂEASnASm J‘snursn J‘s,ﬁsm R ( )

Both the branch voltage equation of current cells and the nodal
potential equation of potential cells are established, as follows:
Via =V, =Z; (@) + Zj ijij I

V= Puln

Fig. 3 shows the equivalent circuit. A full network model is built

up after connecting all segments according to the cell topology.
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Fig. 3 Equivalent Circuit of a line segment
Circuit parameters of a circular wire of radius 7, can be
obtained similarly with (1-2). They are expressed as
_ jomAl I, (ar,)

" 2nar, I(ara)

L, “. La, dl, (12)
1

P = e, AL AI ”. o,

where Ik is the modified Bessel functions of the 1t kind at order k, and
AL, (x =i, j,n orm) is the length of wire segment x.

B. Technique for modelling plate joints

When two plates join together, current will flow from one
plate to another. Fig. 4(a) illustrates a case of two parallel plates
joined on the same plane with the x-dir. current flowing from
one to another. To ensure the continuous current over these
plates, virtual nodes are introduced at the joint of two plates.
These nodes are dimensionless, and do not possess any self
capacitance and mutual capacitance to other nodes. Fig. 4(b)
shows the topology for a joint node. Note that the connection
shown in Fig. 4(b) provides a path for the x-dir. current only.
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C. Vector fitting method for frequency-dependent parameters

It is noted in Section I1(A) that internal impedance varies
with frequency significantly, while inductance and potential
coefficient generally do not. To solve a frequency-variant
transient problem in time domain, the vector fitting technique
together with a recursive convolution technique is adopted.

Note Z;;(s) in s domain can be approximated with rational
functions in the form of pole-residue terms as follows:
M rm
Z,(s)=d +sh+§s_a
where d, h, a,,, and 7, are real constants. The 1%and 2" terms
are the DC resistance and inductance in the network model. The
3 term is represented with its impulse response, as follows:

M
ht)=> re™ . (14)
m=1
With the convulsion technique the discrete voltage response
Vrie[n] given by current | is expressed by
Vi [n]= :Zlvfit,m[n]
Vin[MI=R, - I[n]+ K -V [n-1]

where R,, = (e*nT — 1)a,, /1, and K,,, = e%nT, T is the size
of time step.

(13)

m

(15)

D. Time-domain solution

Now the EM coupling in a wire-plate structure is represented
by a mutually coupled network made with frequency-invariant
components. Lightning current in the structure can be solved by
a circuit analysis tool in time domain, subsequently the impulse
EM field in the structure. As this formulation has fewer
unknowns and frequency-independent circuit models, its
computation is much faster than others.

By using the modified nodal analysis approach, a set of time-
domain differential equations are obtained, as follows:
AV (1) + RI(t) + LdI(t)/dt + V(1) = —A V(1)

GYV(t) + FdV(t)/dt-GATI(t) = GA I (t)
where A is the incidence matrix for the network. Both A and
Ay, are respectively the incidence matrices for independent
current and voltage sources. Y is a conductance matrix of
lumped elements connected to the nodes in the network. F~1 is
a matrix only retaining diagonal elements of matrix P, and G =
F - P. Vsir(t) is the diagonal voltage matrix determined with (13).
By using the backward Eurla method, the discrete equation of
(14) is obtained, as follows:

(16)

{A R+>. R, + L/TMV[n]} :{ A,.V.[n] }
GY+F/T -GAT In] | [GAlIn] (a7
{L/T N =11+ > K, VyaIn —1]}

F/TV[n-1]

I11. EXPERIMENTAL AND NUMERICAL VALIDATION

The proposed method is experimentally validated against the
results obtained from the wire-plate structure shown in Fig. 5.
The structure has two parallel aluminum plates of 0.4 m x 0.4
m x 1.5 mm with the spacing of 0.4 m, connected with two thin
aluminum bars of 1.5 mm x 30 mm. The structure is connected
to an impulse generator with 1.4 mm round copper conductors.
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Fig. 5 Experiment setup for validating the proposed model

Both the impulse magnetic field in the structure and source
current are measured with a tailor-made field probe and a
Pearson current probe 4997 together with a digital oscilloscope.
The field probe consists of a magneto-resistive sensor
HMC1053, a low-noise broadband amplifier and a power drive
circuit, as shown in Fig. 6(a). The device has a bandwidth from
dc to 10MHz, and a measurement range of +/- 6 Gauss. The
field probe was calibrated with impulse magnetic fields, and its
sensitivity was found to be 2.3G/V.

t(ps)

(a) Field probe (b) Magnetic field comparison
Fig. 6 Measured and calculated magnetic field within the structure

Fig. 6(b) shows both the measured and calculated magnetic
field at three points along a vertical line located at the structure
center, as indicated in Fig. 5. The source current has a peak
value of 218A. In the calculation, each of the plates is uniformly
divided into 40 x 40 cells. It is found that the matching between
measured and calculated magnetic field is very good, with an
error smaller than 5%.
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Fig. 7 Numerical comparison between FEM and PEEC methods

The proposed method is validated also numerically, against
the results obtained by a FEM-based software (ANSYS
Maxwell) as well. Fig. 7(a) shows the configuration of the
testing setup. A U-shape shield is constructed with three
identical plates (0.4 m x 0.4 m x 2 mm). A loop current source
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is placed at a distance of 0.2 m from the plate. Frequency-
domain magnetic fields along a path 0.2 m above the plate are
calculated with both methods. Fig. 7(b) shows the magnetic
fields under three different frequencies. It is found again that
the matching is very good, with an average error smaller than
2%. Simulations were performed on a PC with i7-4749 CPU
@3.6GHz and 16GB. In the simulation with the proposed
method, each of three plates are divided into 20 x 20 cells. The
computation time and memory space was 29 sec. and 0.68 G
with the proposed method, and 1 hour 29 min. 47 sec. and
9.27GB with the FEM method.

IV. LIGHTNING TRANSIENTS IN A BUILDING

The proposed method is now applied to evaluate impulse
magnetic fields and induced voltages within a building in the 1%
negative lightning return stroke of 100 kA and 1/200 ps. Fig. 1
illustrates the configuration of a 4-story building under
investigation. The building is represented with a wire structure
with an interval of 5 m in the x and y directions, and a vertical
interval of 4 m. The grid wire has a diameter of 10 mm, and a
conductivity of 5x10% S/m. There is a 4-side metal shield on
3/F with the thickness of 2 mm and conductivity of 3.7x107
S/m. The plate structure is bonded to the wire grid.

A power supply circuit with line (L), neutral (N) and
protective earth (PE) conductors run on 3/F, as illustrated in
Fig. 1. The spacing between adjacent conductors is 0.1m. PE is
bonded to the structure at its two ends.

There are two cases of a lightning strike to the building. In
the 1% case, the building structure serves as the down
conductors of the LPS. The lightning current injected at the
corner of the structure is discharged to the ground via the wire-
plate structure. In the 2" case, an insulated down conductor is
provided to discharge the lightning current. The building
structure is subject to induced lightning currents. The ground
termination of the LPS is made with buried conductors. For
simplicity, a grounding electrode is provided at each joint on
the ground, and is represented with a serial connected R and L
circuit with R=10 ohm and L=10 pH.

Lightning impulse magnetic fields are calculated at the center
of the volume within the shield. Fig. 8 shows the results
obtained with and without the shield. It is found that the
magnetic field at the center drops when the shield is present. In
the 1%t case, the change of the impulse magnetic field is
primarily due to the redistribution of the lightning current, not
to the shielding effect. In 2" case, induced currents are
generated in the wire-plate structure. The impulse magnetic
field is reduced significantly.

Lightning transient voltages between L and N is also
evaluated in these two cases under the lightning stroke. Fig. 9
shows the transient voltages on the line. It is found that the
voltage is significantly high when the shield is not present, and
can reach 35kV in the direct lightning strike to the building. The
transient voltage, however, is significantly small when the
metal shield is present. In the lightning strike to the IDC, it is
less than 5kV. Although these transient voltages have large
peak values, the energy is not that significant because of its
short duration. Nevertheless, for sensitive equipment connected

to the circuit, surge protective devices need to be provided at
the line end to suppress the substantial transient voltage along
the circuit.
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V. CONCLUSIONS

An efficient PEEC method was presented for modeling of
wire-plate structures and simulation of impulse EM transients.
This method was validated experimentally and numerically,
and was applied to evaluate lightning transients in a 4-story
building. The simulation with this method is much more
efficient than the FEM method.
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