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Abstract—Windfarms need low steady-state grounding
resistance. A horizontal long grounding electrode is often used to
obtain the low grounding resistance. The long grounding
conductor has an effective length for lightning currents. The
authors propose analytical formulas of sending-end voltage of the
conductor in time domain using the lattice diagram method. This
paper discusses the effective length of the grounding systems of
the windfarms using the proposed formulas.
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. INTRODUCTION

ightning performance of a large grounding system such as
La windfarm and a transmission line must be considered

for lightning protection design. Horizontal long
grounding conductors are often used to obtain low grounding
resistance [1]. The conductor length is determined so that its
steady-state grounding resistance is lower than a standard
value. Surge propagation characteristics of the long grounding
conductor are quite different from those of the overhead
conductor due to the existence of shunt conductance, and it is
difficult to represent the surge characteristics in time domain.
The author derived an analytical formula of both-ends
voltages on the long grounding conductor in time domain
based on a lattice diagram method [2, 3]. The formula makes
clear physical meanings of the surge characteristics of the
grounding conductor, and gives an effective length in time
domain.

Windfarms are recently spread all over the world as a clean
and new energy from an environmental problem of view. The
long grounding conductor is frequently used to meet the IEC
standard [4]. The grounding system consists of a tower base

and such auxiliary electrodes as a ring type and a counterpoise.

The grounding electrodes of the tower in the windfarm are
sometimes connected each other to obtain the much low
steady-state grounding resistance using the long horizontal
grounding conductors [5]. The voltages on the grounding
conductor are attenuated along the conductor. Lightning
current has short wavefront duration [6], and peak voltage
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often appears before reflection voltage from the receiving end
reaches. Therefore, effective length, which is defined as the
length above which no further reduction of impedance of a
grounding conductor is observed, should be investigated to
prevent from lightning-caused damages in wind turbines.

This paper derives analytical formulas of voltage at
lightning striking point with special reference to grounding
systems of a windfarm. Then, influence of some parameters
such as soil resistivity and terminal impedance on the effective
length of the grounding system is discussed using the
analytical formulas. The estimation results are useful for the
lightning protection design of the windfarm.

Il. APPROXIMATE FORMULA OF TERMINAL
VOLTAGES ON GROUNDING CONDUCTOR

A. Lattice Diagram Method to Derive Approximate Formulas
of Long Grounding Conductor

The lattice diagram method [7] is applicable to a non-
uniform line such as a tapered line [8] and a nonparallel line
[9]. Sending-end voltage on the nonuniform line is given by
the sum of applied voltage and the voltages reflected on the
line due to the discontinuity of impedance. A horizontal
grounding conductor is a uniform line. Surge impedance of
the horizontal grounding conductor is independent of location,
but the shunt conductance is distributed along the conductor.
Consequently, the voltages reflected at each node of the
segment of the grounding conductor appear. The same manner
of the nonuniform line is applicable to the horizontal long
grounding conductor.

Fig. 1 illustrates a part of an equivalent circuit of the long
grounding conductor [2]. A and B are refraction and reflection
coefficients from segment k to k+1, and A’ is refraction
coefficient from k+1 to k.

Fig. 1. An equivalent circuit of a long grounding conductor.



Fig. 2 illustrates a lattice diagram along a long grounding

conductor, where Q is reflection coefficient at the sending end.

Symbol Q is used to denote the variable easily in the lattice.
Considering the reflection voltages within length x, where X is
the distance from the sending end, the number of segments n
is given by

X

A )
The coefficients A, B, and A’ can be written as follows:

1 oI acaand 9-1zG.
1+ 6AX 1+ 6AX 2
(2)

where R=(GAx)?, G: shunt conductance per length of the
grounding conductor, Z,: surge impedance of the loss-less line
in the equivalent circuit, v: surge velocity on the conductor,
Ax: elementary length of the segment.

Steady-state grounding resistance Rs of the grounding
conductor is given by

R, = T (3)

where |: conductor length.
Voltages on the grounding conductor can be approximated
using the coefficients A and B by the sum of reflection
voltages on the conductor and at the terminals as illustrated in
Fig. 2.

First-order B component gives sufficient accuracy for rough
estimation of the voltages on the grounding conductor [3].
Higher order B component gives higher accuracy, but shows
complicated expression. Thus, this paper concerns only 0"-
and 1°- order B components.
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Fig. 2. A lattice diagram along a long grounding conductor.

B. Sending-End Voltage
Voltage Vg, reflected once on the grounding conductor is
observed at the sending end of the conductor, and is given by
(see Appendix)

V! = Jim EBY A% = —Ei(l—e-”*) (4)
-0 =l 2
where E: original sending-end voltage with step waveform,
1
X==Vvt.
2

The original sending-end voltage E of the circuit in Fig. 2 is
given by
ZO

E= E,. 5
Z,+R, ° ®)

The sending-end voltage, till an influence of the receiving-
end circuit appears, is calculated by the following relation.

V=E+PV} (6)

where Pq: refraction coefficient seen from the conductor to the
source voltage

The voltage, which is reflected at the receiving end,
produces some traveling voltages. The sending-end voltage
for 2T<t<4T, where T is traveling time of the grounding
conductor, is given by the voltages reflected at the receiving
end plus the reflected voltages at t=2T [8].

1) 0"-order B component
The reflection voltage V', which is not reflected on the
conductor, is given by

V' = lim EQ A®™ = EQe™ ™

Ax—0
where Q,: reflection coefficient at the receiving end, N=I/Ax.

2) 1%-order B component
The voltage V', which is reflected twice at the receiving
end, is given by

V= lim EQ 2 A% Bi AZID — _EQ %e24 1(1_efzex>
Ax=0 i1 2
®)

where x':%vt—l.

The voltage V’s,", which is reflected once at the receiving and
sending ends one each, is given by

V','= lim EQQ,A™BY AN = _EQ,Q,e % (L-e2).
Ax—0 io1
9)
The sending-end voltage for 2T<t<4T is given by
V=E+ Ps ([Vsll]x:| +VI501+V'511+2V'521), (10)



C. Receiving-End Voltage

Formulas of the receiving-end voltage are derived by the
same manner as the sending-end voltage. Table | shows the
formulas. The receiving-end voltage is expressed by
1) T<t<3T

V=P (vrl +3kV, ) 17)
i<l
2) 3T<t<bT
0 2 1 v 0,2 1
V= I:’r Vrl + Zkini +V rl +Z kilv ri (18)
i=1 i=1

X'l

where x":%vt—%l,x‘":%vt—gl,Pr: refraction coefficient

at receiving end, Qs: reflection coefficient at sending end.

D. Formula for Source Voltage with Double Exponential
Waveform

The voltage source to derive the approximate formulas of
the terminal voltages on the grounding conductor is assumed
to have step waveform. Actual lightning current, however,
shows a variety of waveforms [9]. Lightning impulse voltage
for testing power apparatuses shows double exponential wave-
form, which is expressed by - e”*. The double-exponential
waveform is convenient to estimate lightning overvoltages.
The approximate formulas for a voltage source with the
double exponential waveform can be derived using Laplace
transform technique. The step response 1-e™, where k=6, in
(4) and (8) can be converted to the response for the double
exponential waveform, and is expressed by

k%(efkt _ e—at)_,’_

e—al _e—ﬁl _

%(e’k‘ - e”") (19)

TABLEI
FORMULAS OF RECEIVING-END VOLTAGE
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1. ANALYTICAL EXPRESSION OF LIGHTNING
PERFORMANCE OF GROUNDING SYSTEM OF
WINDFARM

A. Grounding System of Windfarm

The steady-state grounding resistance of a wind power
generator is designed to be as low as possible [5]. The tower
base can be regarded to be a large grounding electrode.
However, it is difficult to obtain the low grounding resistance,
when the windfarm is constructed in high-soil-resistivity yard.
A ring electrode or a long horizontal grounding conductor is
often used to obtain the low steady-state grounding resistance.
The grounding electrodes of the towers in the windfarm are
sometime connected using the long grounding conductors.

This paper concerns the following grounding systems of
towers in a windfarm as illustrated in Fig. 3.

(a) Tower base alone

Only a tower base is considered as a grounding electrode of
the tower. The grounding resistance of the tower base is Rr.
(b) Tower base + a horizontal grounding electrode

A horizontal grounding electrode is connected to the tower
base as an auxiliary grounding electrode. Surge impedance of
the grounding conductor is Zy [Q2], surge velocity v [m/s],
conductance G [S/m], and conductor length | [m].

(c) Tower bases connected using grounding conductors

The tower bases are connected using the horizontal
grounding conductors. For simplicity, the tower bases and the
grounding conductors have same constants.

Fig. 4 illustrates a simulation circuit in case (c). The circuit
surrounded by a broken line is equivalent to a circuit shown in
Fig. 5 using the Thevenin theorem.
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(a) Tower base alone
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(b) Tower base + a grounding conductor
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(c) Tower bases being connected via grounding conductor
Fig. 3. A grounding system of windfarm
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Fig. 4. Simulation circuit
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Fig. 5. Equivalent source circuit

B. Approximate Formulas of Grounding System of Windfarm

An approximate formula of lightning overvoltage at
lightning striking point, which is located at the end of a
windfarm, can be derived using the lattice diagram method as
mentioned before. This paper considers lightning perform-
ance for t<4T, where T=I/v.

Table 1l shows the approximate formulas of sending-end
voltage in the grounding system (c). The sending-end voltage
is expressed by

1) O<t<2T

V=E+PV, (25)
2) 2T<t<4T

V-E+ Ps([vsf]xz, +V'501+%kiv;ﬁ) . (26)

TABLE Il
APPROXIMATE FORMULAS OF SENDING-END VOLTAGE OF SYSTEM (C)
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V't is an additional voltage due to connecting the neighbor
tower. P; and Qq are refraction and reflection coefficients at
receiving end of the grounding conductor.
The voltage in the grounding system (a) is given by
V:RTIL, (27)
and that in the system (b) is given by the formulas mentioned
in chapter II.

IV. EFFECTIVE LENGTH OF GROUNDING SYSTEM OF
WINDFARM

A. Effective Length in Time Domain

An “effective length” is defined as the length, above which
no further reduction of impedance of a grounding conductor is
observed [10]. The effective length depends on source voltage
waveform. This paper estimates the effective length in time
domain. The “effective length” can be also defined as the
length, above which the reflection voltage from the receiving
end does not affect the peak value of the sending end voltage.
This paper discusses this “effective length”.

For simplicity, this paper discusses an influence of wave-
front duration of lightning current on the effective length by
the double exponential function with «=0. This current is
given by

Iy =1 [1—exp(-t/T;)]

where Ty time constant of lightning current

(28)

B. Constants of Grounding Conductor by Sunde’s Formulas

Sunde derived the following formulas of constants of a
horizontal grounding conductor [1].
Inductance:

L=y [H/m]
2

Capacitance: C =27z egW -1 [F/m] (29)

Conductance: G =Zwt [S/m]
P

2l

\2rd

p- soil resistivity, &: soil relative permittivity.
The surge impedance Z, and the velocity v of the loss-less
line of the equivalent circuit shown in Fig. 1 are given by

where W =1In

-1, r: conductor radius, d: burial depth,

Z4 = \/E _ Sow (30)
c Ve
1 Vo
V=—== (31)
N
Substituting the Sunde’s formulas into 6,
o= 30z v, = 1 (32)
PE; 4ps, &,

is obtained. Equations (31) and (32) indicate that the wave
deformation and the surge velocity of the voltages on the



grounding conductor are independent of the configuration and
dimension of the conductor. On the other hand, the surge
impedance depends on them. Reference [12] on the basis of
experimental results suggests that the surge impedance of a
horizontal long grounding conductor is not dependent on its
length and the soil resistivity. Here the surge impedance of
100Q2 is used from the experimental results, and is
independent of the soil resistivity.

C. Effective length of Grounding System in Windfarm

An influence of such soil parameters as soil resistivity and
soil permittivity on the effective length is investigated using
the approximate formulas of the sending end voltage in the
grounding system. Mutual grounding resistance between the
tower base and the horizontal grounding conductor is not
considered here. Current dependency due to soil ionization
reduces the grounding resistance. Long grounding conductor
shows little current dependence based on experimental study
[13]. Frequency dependence can be modeled by adding a
series circuit of resistance and capacitance in parallel with the
conductor conductance [14]. However, the value cannot be
determined without any experiments. Thus, the frequency and
current dependencies are taken into no account in this paper.

The voltage in the grounding system (a) is expressed by
Rrl., and takes its peak value at the same time of the lightning
current peak. This voltage corresponds to the source voltage
in the grounding systems (b) and (c).

Rt is assumed to be 10Q2 in the yard of p=100Q2m. The
grounding resistance is proportional to the soil resistivity. The
simulation is carried out for parameters of =100, 1000, and
10000Q2m, and the relative soil permittivity =1, 10, and 100.

Fig. 6 shows examples of calculated results of the sending-
end voltage in the grounding systems (b) and (c). As is shown
in Fig. 6, voltage rise is observed after the voltage reflected at
the receiving end reaches for short conductor length. The crest
value of the sending-end voltage after the reflection reaches
coincides with that before the reflection voltage does not
arrive when the grounding conductor has the effective length.
This variation is not always observed, and depends on the soil
parameters and the terminal impedances.
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Fig. 6. Sending-end voltage in grounding systems (b) and (c). T=1ps,
,=100002m, and & =10.

Fig. 7 shows the effective length of a grounding conductor
buried in the soil with parameters of p and & as a function of
the time constant T of the lightning current given by equation
(28). T; corresponds to the wavefront duration of the current.
The receiving end of the grounding conductor in the
grounding system (b) is open circuit, and Q,=1. Q, always
shows a negative value in the system (c). The effective length
in the system (b) is not available in some conditions because
of Q=1

As is shown in Fig. 7(a), the effective length is linearly
increased against the wavefront duration for psg =10°, and
shows divergence for low ps.. The traveling voltage along the
grounding conductor is heavily attenuated for low pe&
considering the wave deformation of the voltage is expressed
by attenuation factor év, which is inversely proportional to ps
from (32). Therefore, the reflection voltage becomes very
small for low peg. and the reflection voltage does not
contribute the peak value of the sending-end voltage. As a
result, the effective length is not available. On the other hand,
the effective length can not also be obtained in case of large
pé&- The grounding conductor in this case can be regarded to
be isolated wire. The conductance of the grounding conductor
does not contribute the reduction of the sending-end voltage,
and the reflection voltage with positive value because of Q,=1.
Accordingly, large ps does not give the effective length.
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Fig. 7. Effective length for various soil parameters as a function of
wavefront duration of lightning current. (a) System b. (b) System c.



It is clear from Fig. 7(b) that the wavefront duration affects
the effective length. The effective length becomes longer as
the wavefront duration of the lightning current is longer. The
effective length is linearly increased against the wavefront
duration. The effective length is also becomes longer as the
relative soil permittivity is larger. Thus, the lightning current
with slow wavefront needs long grounding conductor.

The approximate formulas of the voltages on the grounding
conductor include boundary conditions. As a result, the
effective length is affected by the boundary conditions. Fig. 8
shows example of sending-end voltage in the grounding
system (c¢) as a function of the tower base grounding
resistance, where the conductor length is 100m, »=1000Qm,
and &=10. The curves are normalized by the value at 1ps.
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Fig. 8. Influence of boundary condition

As shown in Fig. 8, the waveform is greatly dependent on
the boundary conditions. The difference of peak value
between the first peak for t<2T and the second one for t>2T
becomes larger as Rt is higher. This phenomenon indicates
that the effective length depends on the boundary condition.
Thus, it is not sufficient for the effective length to investigate
only the conductor and soil parameters, and the boundary
conditions must be considered.

V. CONCLUSIONS

This paper has proposed approximate formulas of voltages
in a grounding system of a windfarm. The proposed formulas
are expressed in time domain, and are very simple. Effective
length of the grounding system has been discussed using the
approximate formulas. This paper has shown that the effective
length, which is estimated in time domain, is greatly
dependent on soil resistivity and permittivity. The paper has
shown that the boundary conditions must be considered to
determine the effective length. The proposed formulas are
useful for lightning protection design of the grounding system
in wind farms.
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