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On Calculation of the Ground Transient Resistance
of Overhead Lines

Sergey L. Loyka

Abstract—A constraint on the calculation of the ground tran- can also be used faf,(t) calculation
sient resistance of overhead lines for small values of time is )
pointed out. The method for overcoming this constraint is pro- e, (t) = E(t) dﬁ_(t) (6)
posed. The source of the ground transient resistance singularity g dt
is the low-frequency approximation of the ground impedance. It . . ) o
is shown that the ground transient resistance is not singular for ~ The term “ground transient resistance” is used §¢t)

t — 0if it is calculated without the low-frequency approximation. because it is a time-domain function and its dimension is
Index Terms—Ground impedance, lighting, overhead lines. OEmS/meter [2], [3], [5]. For a low-frequency approximation,
when

99
l. INTRODUCTION W K Wimax = = (7)
g
HE ground impedance has considerable effect on

lightning-induced voltages on overhead lines. Man nd only the first term in (2) is essentigl) can be calculated
)y Timotin's formula [1]-[4]

approximate equations for the field-to-transmission lin

coupling calculation taking into account this impedance have 1o 1 g 1 T4
been — i W =""lgm 7t T1eP(y
proposed [1]-[5]. In the present paper, we consider rr, [2vF WVt 4 ¢
some constraints on the ground impedance calculation in the 1
time-domain and propose a way to overcome these constraints. erfc< f) — ﬂ (8)

The expression for the per-unit-length ground impedance in
the frequency domain for a single wire located at height wherer, = h?j40,, and erfcg) is the complementary error

above ground can be written as follows [3], [4]: function
a oo —2hz 2 oo 2
7 (w) = 1210 / S (1) erfc(z) = — / et dt. 9)
g( ) T 0 /$2+’Yg2+$ ﬁ T

) _ ) As it is pointed out in [4] and [5], (5) has singular behavior
where~, is the propagation constant in the ground att = 0 and

yolw) = \/jwuoag — wllgeg (2 &) m — fort — 0. (10)

oy 1 th'e ground condy.ctivity% is the ground permittivity, However, the following question arises. “Is this singularity
and i is thg p_ermeablllty of the free-space. ) a real one or is it a consequence of the low frequency approx-
The electric field component due to the ground impedanceization 2" As will be shown, the source of this singularity is
E,(w) = Z;(w)f(w) 3 Fhe Iow-frequer)cy approximation and it will not gxistg‘i(t)
is calculated without the low-frequency assumption.
where I(w) is the line current. In the time domain, this

equation takes the fO”OWing form: II. CONSTRAINT ON THE GROUND
. TRANSIENT RESISTANCE CALCULATION
eq(t) = 2(t) i(t) @ TANCE |
_ _ ) Since (8) has been obtained in the low-frequency approxi-
where z,(t) denotes the inverse Fourier transform&f(w) mation, it is not valid for small values af We will explain it

and *" denotes the convolution. The so-called ground tramn the following example [6, p. 189]. Let's consider the inverse
sient resistance, which is given by the inverse Fourier trarsourier transform of functiort’ (w)

form | e
VAl y(t) = — / Y (w)e?™t duw. (11)
(= (22) ® N
Jw
_ _ _ If Y(w) is a constant, then(¢) = 0 for all ¢ # 0 [due to the
Manuscript received May 21, 1998; revised March 22,1999. gggillating factore?“* in the integrand in (11)]. I¥(w) is not a
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ones since the integration subinterval for whjefft > 1 does [0,¢7!] into two subintervalg0,¢ ] and [t_i ,t~%], where

?Ymin min’

not give a substantial contribution to the total integral dug.., is given by (14). Thus, we obtain
to the fast-oscillating factor’«*; the subinterval for which

|w|t <1 gives a substantial contribution since the faatér? £() ~ 1 /" 12| sin(y,) dw
does not oscillate in this subinterval. Further, we will carry out T Jo Yo
simple order-of-magnitude calculations. Taking into account 1t 1Z,|
the considerations given above, (11) can be reduced to + i T sin(yp,) dw. (18)
t
y(t) ~ % / Y (w)e’ " dw. (12)  But the first integral in (18) can be calculated by (8) since
T omax this equation is valid for the intervdD,¢_! ]. The second
where integral in (18) we estimate as follows. It is known [3] that
. for w — o
Wmax ~ 7 (13) 7 ’ 1 Ho
t Zg(w) - Zlim - ﬂ A/ ; (19)

Thus, the spectrum af(¢) must be known up te,., ~
1/t in order to calculatey(t) at the pointt,. In a similar Consequently,% — 0. We can use the approximation
manner, if we know the functiol’ (w) Up t0 wiax, then we Zy(w) = Zj,, for w > wim, where the limiting frequency
can calculatey(t) for t > 1/wmax. If y(t) must be calculated i €an be estimated as follows. The upper integration limit
for smaller values of, Y (w) has to be known for larger valuesin (1) can be reduced to... ~ 10/h because of the
of w. exponential factor in the mtegrandi (w) does not depend

Let us now turn our attention té(t). Since Z,(w) in the ONw if 75 > Tnax. Thus, (i, can ‘be ‘estimated from the
low-frequency approximation is known up t,., = o,/¢, following equation:

[see (7)], we can correctly calculatét) using (8) for
|’Yg(“-’)| = Tmax- (20)
1
t2 toin = oy (14) For sufficiently high frequenciegy,(w)| =~ w,/moé, and,
consequently

The calculation of(¢) using (8) fort < ¢, iS not correct.
xmax ~ 10

v €glo - h\/egﬂo'
[ll. CALCULATION OF THE GROUND TRANSIENT
RESISTANCE FORSMALL VALUES OF TIME In a general case (for large valuescgf), one must take into
magnitud%onaderatmn both terms in (2); then (21) should be replaced

(21)

-]
Wlim ~

In this case{(t) can be calculated with order-of-
accuracy as follows. Let us transform (5) to

1 ax | — 2 1 (22)
w w Wi ~ Max | .———, Wmax | -
5(t):§/0 : eltdw+—/ eltdw (15) h/eT
. _ ) , wherew,,.x is given by (7). Thus, starting fromy;,,, we can
Taking into account that|Z,(—w)| = [Z,(w)| and yse (19) as a good approximation (). Then, using (18)
py(—w) = —py(w) [it can be eaS|Iy verified by means offor sufficiently small values of (namely, fort < 1/wyy, ), we

(1) and (2)], wherep,(w) is the phase of g(w), after some obtain the following estimation fo¢(t):
manipulations we obtain

S(t) ~ gmax ~ £T(t1nin) +

Z im
! In(tminwlim) (23)
w

&)y =~ / | g| sin(wt + ¢4) dw (16)
"o v whereér(t) is calculated by (8). While obtaining this equation,

Taking into account the considerations given in the previoyé reduced the upper limit in the second integral in (18) from
section, this equation can be reduced to £~ down 10wy, Sincey, ~ 0 for w>wyy, and made the
following approximationssin ¢, ~ 1 and|Z, | ~ for the
1 | 12,1 interval [t_1 , wiim].
£(t) ~ - /0 w sin(wt + ¢g) dw. (17) Equation (23) clearly shows thg(t) — const fort — 0
rather than is divergent as in (10). Numerical calculations
Let's make the following approximation: sincet < 1,w-t by means of (1), (2), and (5) prove (23) and, thus, all the
in (17) can be neglected with order-of-magnitude accuragpproximations we made above (within order-of-magnitude
In fact, it means that we presesiti(w - t + ¢4) ascos(w - accuracy). Fig. 1 shows the transient resistance computed
t)sin(py) + sin(w - t) cos(ypy) and make the approximationsby (1), (2), and (5), by the Timotin's formula (8) and the
cos(w - t) & 1 andsin(w - t) =~ 0 for small values ofw - ¢ limiting formula (23). It's evident that the transient resistance
(w -t < 1). Further, we divide the total integration intervalpproaches a constant when the time tends to zero. The
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4 ; IV. CONCLUSION
: “-.‘ | —Eq()-(3) Thus, Timotin’s formula for the ground transient resistance
N Eq.(5) gives a significant error for small values of time. The minimum
3 LY e Eq.(20) value of time for which this formula is still valid depends on

the ground parameters. The simple order-of-magnitude method
of the ground transient resistance calculation for small values
of time is proposed above.

It should be noted that the ground transient resistance can be
calculated in an efficient way by (1), (2), and (5) using inverse
, fast Fourier transform for (5) with a large number of samples.
B The only constraint from the viewpoint of computational
o efficiency is the computing of integral (1) for a large number
of frequencies. This constraint can be overcome by computing
integral (1) for a small number of frequencies and using
an interpolation for the other frequencies. It's also possible
to improve the computational efficiency by using the fact
that the ground impedance is nearly constant for rather high

limiting value (23) gives quite a good approximation to th&feauencies [see (19)]. The computation time for this method
value obtained by (1), (2), and (5). on a Pentium PC for FFT with!2 points is only several

The above equations give us possibility to calculate bofRinutes. An. alternative way is fco use the Sundejs formula for
the approximate value dfm,_, £(t) and the limiting time the ground mpedance, wh.|ch is a good approximation to (1)
(1/wym ) Starting from whiché(t) is nearly constant. The exactand does not require any integration [3].
value oflim;_,o £(t) can also be calculated by means of the
initial value theorem for the Laplace transform [7]
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Using this equation and the above considerations, we Ca[Eﬁ
recommend the following equation fé(t) for any value oft:

g(t) = Inin[gT(t)v Zlim]~ (26)

In order to understand wh§(t) is divergent fort — 0, it

}in}) z(t) = lim sX(s)
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