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Strokes Based on Electromagnetic Field Energy Principle
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In this paper, an equivalent model for composite transmission line (TL) tower under direct lightning strokes based on electromagnetic
field energy principle is comprehensively presented. There are four parts in the model: double vertical grounding conductor, main legs,
cross arms and bracings. The impedances of the vertical grounding conductors and main legs of the composite tower are obtained
combining the theory of conical antenna. The influence of composite material and bracings on the wave impedance are considered based
on the electromagnetic field energy principle. The metal ground-wire cross arm is equivalent as a two parallel conductors. The composite
phase-cross arm is regarded as a lumped capacitance which is determined by using three-dimensional (3D) Finite Element Method (FEM).
An accurate model for extended grounding structure (EGS) of the tower base considering the soil ionization is used. The lightning
overvoltage characteristic of the equivalent model is compared with the hybrid model in literature which verifies the validity of the model.

Index Terms—Composite Transmission Line Tower, Conical Antenna, Direct Lightning Strokes, Finite Element Method.

|. INTRODUCTION

Several traditional metal tower models have been developed
by using theoretical approach [1] or based on experimental
works [2]. However, there are few literatures researching the
modeling of composite TL tower. In engineering design, the
additional vertical grounding conductor is used to propagate the
lightning energy into the earth [3]. The composite material in
tower head and soil ionization around the EGS are omitted
when modeling the tower in [3] and [4]. There is expensive and
difficult to obtain the overvoltage characteristics for composite
tower using field experimental measurement. Therefore, it is of
great significance to model a composite tower model in theory.
The electromagnetic field energy around the composite tower

is depends on its structure. In physical, the tower structure
reflects the inductance and capacitance of each part or between
each other of the tower. Therefore, the electromagnetic field
energy principle can be used to determine the influence of
composite material and bracings on the impedance for the tower.
In this paper, an equivalent model for composite tower under
direct lightning strokes based on electromagnetic field energy
principle is presented. The influence of composite material and
bracings on the wave impedance are considered by introducing
correction coefficients based on electromagnetic field energy
principle. The metal ground-wire cross arm is equivalent as a
two parallel conductors. The composite phase-arm is regarded
as a capacitance determined by FEM. The lightning overvoltage
characteristic of the tower is performed considering the soil
ionization of EGS. The simulation results are compared with
the hybrid model in [4] which verifies the validity of the model.

Il. THE UNDER STUDY COMPOSITE TOWER

Fig. 1 (a) presents the composite tower head. Pink and orange,
blue colors are representing the metal and composite materials,
respectively. What’s more, orange and blue colors are on behalf
of bracings and main legs. The metal ground wire cross arms

and bottom part of the tower body are connected by double
vertical grounding conductors.
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Fig. 1. (a) Schematic diagram of the composite transmission line tower head,
and (b) equivalent model of the tower.

I1l. MODELING OF THE EQUIVALENT TOWER MODEL
The modeling of the impedance for the double grounding

conductors, composite main legs and bracings between the
grounding-wire and upper-phase arm is presented as follows.

A. Impedance of double vertical grounding conductors

The double vertical grounding conductors can be reduced to
a single one by using the electromagnetic field energy method
as shown in Fig. 2 (a).
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Fig. 2. (a) Schematic diagram of the double vertical grounding conductors
reduction to a single one, (b) a differential element of a vertical cylindrical,
and (c) its conical antenna model.
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The wave impedance Z.q of the double vertical grounding
conductors can be expressed by multiplying an impedance
correction coefficient Kygc1 before the impedance Z of single
vertical grounding conductor. The correction coefficients for
the inductance and capacitance can be obtained further more.

Zpy = KyemZ =K L/ KC (1)

where, K; and K¢ are the correction coefficients for the
inductance and capacitance, respectively.

The impedance Z of single vertical grounding conductor is
obtained based on the conical antenna theory [1].

A differential element of a vertical cylindrical with radius r
at a height h above a perfect earth plane and its conical antenna
model are shown in Fig. 2 (b) and (c), respectively.

The wave impedance Z. of the differential element is
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where, 4 and ¢ are the permeability and permittivity of the metal.

Based on the electromagnetic field energy method, the
inductance correction coefficient K, is
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The determination of correction coefficient of capacitance K¢
will be stated in the full paper.
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B. Considering composite material and bracings

The influence of the composite material and bracings on the
impedance of the double vertical grounding conductors is
considered through introducing a correct coefficient Ks1 based
on the electromagnetic field energy method.

Zg = KarZey )
where, Zg1 and Z.q are the impedance with and without the
composite material and bracings, respectively; and Kg; is the
correction coefficient given as
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where, Kgi1L and Kgic are correction coefficients of inductance
and capacitance, respectively, which given as

Ko :\mez /\m
Keic = \M/\M

where, W,,» and W,,; are magnetic field energy with and without
the composite material and bracings, respectively; We, and W,
are the electric field energy with and without the composite
material and bracings, respectively.

Those electromagnetic field energy calculated by using 3D
FEM are shown in TABLE I when 1 A and 1 V applied on the

vertical grounding conductors, respectively.
TABLE I
ELECTROMAGNETIC FIELD ENERGY

(6)

Energy Wi W Wei We
(©)] 1.4027x10*  1.4021x10*  1.1071x10%"  5.8638x10!

The middle cross-section of the magnetic and electric field

energy intensity distribution considering composite material
and bracings are shown in Fig. 3 (a) and (b), respectively.
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Fig. 3. Energy intensity distribution 015 (2)1) Magnetic field, (b) electric field.
The modeling of the metal grounding cross-arm, tower body
and composite phase cross-arm will be demonstrated in detail.
The influence of the number of the segments of the tower and
the soil ionization of the EGS on its overvoltage characteristic
will be discussed in the full paper.

IV. ANALYSIS RESULTS

A standard bi-exponential lightning surge with the waveform
of 140 kA (2.6/50 ps) is injected into the tower top. The used
composite tower model with 5 segments is shown in Fig. 1 (b).

The electric potential of tower top P; and the voltage between
the vertical grounding conductor and upper-phase wire Ucu

compared with [4] are shown in Fig. 4
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Fig. 4. (a) Electric potential of Py, and (b) voltage of Ucy.

V.REFERENCES

[1] J.A. Gutierrez et al., “Nonuniform transmission tower model for lightning
transient studies,” IEEE Trans. Power. Del., vol. 19, no. 2, pp. 490-496,
Apr. 2004.

[2] Motoyama, H., Kinoshita, et al., “Experimental and analytical studies on
lightning surge response of 500kV transmission tower,” [EEE Trans.
Power. Del., vol. 24, no. 4, pp. 2232-2239, Oct. 2009.

[3] Youpeng Huangfu, Shuhong Wang, et al., “Transient lightning impulse
performance analysis for composite transmission tower,” [EEE Trans.
Electromagn. Compat. , to be published.

[4] Youpeng Huangfu, Shuhong Wang, et al., “Surge voltage and environ-
mental electromagnetic field analysis for HV composite transmission
tower under lightning strokes,” 2014 IEEE International Symposium on
Electromagnetic Compatibility, August 3-8, 2014, pp. 445-450, 2014.

[5] Gazzana, D.S., et al., “The transmission line modeling method to repre-
sent the soil ionization phenomenon in grounding systems,” /EEE Trans.
Magn., vol. 50, no. 2, 2014.



