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Abstract:

Power line conductors are normally shielded from direct lightning strikes by appropriately placed
overhead ground wires. However, even when such overhead ground wires work as intended and
intercept a strike, for a short period of time, typically a few microseconds, the shield wire is exposed
to an impulse type potential rise. This could be sufficient to cause flashover of one or more line
insulator strings. This is called backflash. The present invention solves this problem by providing a
power transmission tower structure with an embedded ground conductor positioned in order to
optimize the coupling factors to all conductors and reduce stress on all insulator strings through
increased electromagnetic coupling. Use of a streamer-inhibited conductor avoids adverse effects
such as radio interference and audible noise due to induced charges and improves electromagnetic
coupling as a result of the reduced surge impedance of the conductor.
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TITLE OF INVENTION

POWER TRANSMISSION TOWER STRUCTURE WITH EMBEDDED GROUND
CONDUCTOR FOR IMPROVING LIGHTNING PERFORMANCE AND METHOD FOR
DETERMINING LOCATION AND EFFECT OF EMBEDDED CONDUCTOR FIELD OF THE
INVENTION

[0001] The present invention relates to a lightning protection device.
BACKGROUND OF THE INVENTION

[0002] Power line conductors are normally shielded from direct lightning strikes by
appropriately placed overhead ground wires. The conductors can still be directly struck due
to a shielding failure, when the downward stepped leader manages to evade ground wire
protection [1]. For well-protected lines shielding failure rates are typically below 1 strike per
100 km. year. The situation varies of course with lightning severity in the region concerned,
conductor topology and line voltage. Far more often though the shield wire itself is struck or
occasionally the tower top is struck. For a short period of time, typically a few microseconds,
the shield wire or the tower top is exposed to an impulse type potential rise. This could be
sufficient to cause flashover of one or more line insulator strings. This is called backflash
since normal flashover occurs when the conductor voltage, rather than the shield wire or
tower top, is exposed to the impulse type overvoltage. Experience shows that backflash is
more prevalent in regions of high ground resistivity and high ground flash density and where
it becomes difficult and economically prohibitive to provide the tower with sufficiently low
footing resistance. For complex reasons related to conductor proximity [2], [3], [4]. multi-
circuit lines and particularly compact lines, are more vulnerable to both shielding failures and
backflash.

[0003] Usually lines below 400 kV are vulnerable to backflash, while above 500 kV, as the
insulator string length and consequently insulation strength increases, shielding failures tend

to dominate.

[0004] As better grounding becomes impractical or uneconomic, a solution to the backflash
problem is through the costly installation of line arresters, sometimes across every insulator
string on every tower. Maintenance of such arresters is an added burden. On compact line

designs there might not be sufficient space available to accommodate the line arresters.
PRIOR ART

[0005] It has been proposed to install ground wires below the line in order to increase the
coupling factors to the lower conductors [5], [6], which would improve backflash performance

by reducing the net impulse voltage stress across the lower insulator strings while having
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limited benefit to the upper insulator strings.

[0008] In selecting the height of the underbuilt ground wire, it is necessary to maintain
adequate insulation distance to the lower power conductors, taking into account the fact that
for a given span, power conductors sag more than ground wires. Particularly the power

conductor sag would depend on load current as well as on ambient climatic conditions.

[0007] An obvious inconvenience with underbuilt ground wires is that they infringe on the
conductor clearance to ground which is normally needed for free movement under the line of
vehicles of large height, such as some agricultural machines.

[0008] Underbuilt ground wires are much closer to the lower power conductors as compared
to the upper ones. This dissymmetry relative to the load current carrying power conductors
results in significant magnetically induced current flow in the underbuilt ground wires. This

current flow amounts to increased power losses.

[0009] For these reasons there has been a general lack of theoretical and experimental field
investigations into underbuilt ground wires and accordingly their practical application in
operating high voltage transmission lines.

SUMMARY OF THE INVENTION

[0010] A power transmission tower structure that includes an embedded ground conductor
or conductors for improved lightning performance. An embedded ground conductor is
defined as a grounded conductor, preferably streamer-inhibited, who’s exact optimum
position is determined by detailed travelling wave simulation of a lightning strike, considering
the influence of the general layout of the power conductors, the overhead ground wires and
a novel more accurate method for calculating the effect of height on ground wire corona and
its subsequent effect on surge impedance which thus makes it possible to find the optimized
coupling factors to all the power conductors and maximize the combined reduction of stress

on all insulators strings simultaneously.

[0011] Typically, the embedded conductor is attached at or in the vicinity of the vertical axis
of the power conductor system in a position that lies above the attachment points of the
lower conductors but below the upper conductors. Additionally, the clearance between such
an embedded conductor and any power conductor must be sufficient to sustain any voltage
stress experienced under both normal operating and switching conditions.

[0012] The presence of the embedded ground conductor reduces stress on insulator strings
through increased electromagnetic coupling. This can result in an improvement of the

backflash rate by a factor of 10 or more.

[0013] Physically a streamer inhibited conductor is effectively identical to the conductors
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described in US patent 7,468,879 B2, however the present conductor would not be installed
at the same locations on power transmission towers nor is it used for the same purpose.
Whereas the conductors in US 7,468,879 B2 are meant to affect the incidence of lightning to
the line and are installed at the same locations that traditional overhead ground wires are
currently installed, the present conductor is embedded among the power conductors, where
no grounded conductor has ever previously been installed and is meant to affect the
performance of the line once the line has already been struck by lightning. The present
streamer inhibited conductor has the ability to produce corona exclusively in the glow mode
over a broad voltage range, impulse front steepness and has a reduced surge impedance.
This makes it possible to install such a grounded wire in close proximity to live power
conductors without adverse effects such as radio interference and audible noise that would
be introduced by any other conductor due to induced charges and as well as improve

electromagnetic coupling as a result of the reduced surge impedance of the conductor.

[0014] In embodiments, there is provided a method for determining a location of installation
of at least one embedded ground wire on a power transmission tower structure including at
least one existing ground wire and power conductors for improved lightning performance
thereof, said method comprising:

al) without said embedded ground wire being installed on said power
transmission tower structure, calculating a peak impulse voltage Uj,g, impressed

across an insulator string n using the following formula:

Zmgwn

Zaw

Uinsn = Utn — Ugw * — Uptn (12) wherein:

Ui is a transient voltage at a relevant point an the power transmission tower
structure,

Ugw: is a transient voltage on the existing ground wire, comprising a ground

and a tower component,
Zgw: is a surge impedance of the existing ground wire in corona,

Zmgwn: i8S @ mutual surge impedance between the existing ground wire and a

phase conductor n,
Upm: is a time varying power frequency voltage of phase n;

a2) determining an effect of corona on any ground wire by calculating a radial

distance bridged by negative streamers for any applied peak impulse voltage;

a3) determining soil ionization effects on a tower footing resistance of said
power transmission tower structure;
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a4) performing transient voltage simulation to determine an effect of said

steps a2) and a3) on said peak impulse voltage Uinsn;

b) installing said embedded ground wire on said power transmission tower
structure, said embedded ground wire being placed at an initial height Ho, and
repeating said steps a1), a2), a3), a4) to determine an improved critical current by
using the following equation:

Z 7. .
Uinsn = Ugn — Ugw * ;::;n — U, = I;:n —Upr (13) wherein:

Zgwe: IS @ surge impedance of the existing ground wire in corona, modified due

to mutual coupling to said embedded ground wire,
U.: is transient potential of said embedded ground wire,

Zman: i @ mutual surge impedance between said embedded ground wire and

phase conductor n,

Za: is a surge impedance of said embedded ground wire, which also includes
mutual coupling to the existing ground wire as well as said corona effect;

c) vary a height of the embedded ground wire by an amount AH, and repeat

said step b) in order to determine the critical current; and

d) repeat said step c) until the critical current reaches a maximum value,
whereby a corresponding embedded ground wire height is at an optimum position
for an overall backflash performance of a power transmission line of said power

transmission tower structure.

[0015] MODEL FORMULATION |

[0016] Much information is already available on mean negative streamer gradient from
standard lightning impulse breakdown tests on long air gaps [8], [9]. The results often refer
to the 50% breakdown level. With a recommended standard deviation of 3% for lightning
impulse tests [13], the following expressions for the dependence of the negative streamer

gradient Es,, at the 1- 20 level, on streamer length |s were obtained.

[0017] Forls> 0.4 m:

k
[0018] Esn=630+% (5. m) (N
[0019] For 0.05< I < 0.4 m:
k
[0020] Eqp = o5 (55m) )

[0021] CRITICAL PENTRATION FIELD
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[0022] As in [7] it was assumed that the critical negative streamer penetration field in a long
gap would depend on the degree of applied field nonuniformity. This has been characterized
by a nonuniformity factor E./E.,, where E, is peak voltage gradient at the high voltage

electrode and E.v its mean value along the streamer path.

[0023] In a lightning impulse breakdown in a conductor- or rod- plane gap of length d, the

applied voltage U can here be expressed as:
[0024] U = Eg,, xd 3)
[0025] Esqn is obtained from (1) or (2) above, with ls=d.

[0026] It is clear that for breakdown to occur, negative streamers have to bridge practically
the whole gap, and the critical penetration field E. would therefore be identical to the applied
field E; in the vicinity of the plane. For a simple configuration such as conductor above
ground, with any conductor radius ro, both E;, and Eg can be determined analytically, while
E.v is simply the streamer gradient Es,. For more complex configurations, E, and E, can be
determined numerically by Charge Simulation.

[0027] Fig. 2 shows the variation of the critical negative streamer penetration field E; with
the field nonuniformity factor for the conductor-plane configuration, with different values of
the conductor radius ro. Contrary to the situation with positive streamers [7] where E; does
not depend on ro, here E; is found to be higher at smaller conductor radius. The reason is
that for different radii the same field nonuniformity factor is reached at different gap
spacings. This in turn results in different values of the negative streamer gradient. For

positive polarity on the other hand the streamer gradient is sensibly constant.

[0028] CORONA BOUNDARY

[0029] For any impulse voltage Um applied to a conductor above ground the potential, and
field distributions U(z) and E(z) are determined for any point at a height z above ground. An
initial streamer length is assumed. E,, E.y and accordingly the field nonuniformity factor are
determined. Using the results of Fig. 2, the critical penetration field E; is established and
compared to the actual value of E(z), calculated at the end point of the assumed streamer
length. An iterative process follows in order to determine the streamer length at which the
critical Ec and actual value E(z) coincide. This determines the corona boundary for the
voltage level concerned.

[0030] In [11] a similar process is used except for the assumption that E. is constant at 1500
kV/m as mentioned above. In [12] the conductor capacitance per unit length Cix of the

conductor in corona is determined from:

[0031] Ceor = Cn + kx (U — Ue) -4



CA 03201014 2023-6-2

WO 2022/115968 PCT/CA2021/051737

6

[0032] C, is the geometric capacitance per unit length, Uy, is the peak-applied voltage, U,
the corona onset voltage of the conductor and k a corona constant. There is no general
consensus on the value of k [12], [13], [15]. In reference to the CIGRE method, a value of k
amounting to 0.0033 pF/kV.m has been adopted in this paper [13], [15]. When required the
corona boundary radius corresponding to Ciw:t can be easily determined.

[0033] Fig. 3 shows present model results on the variation of the corona constant k with the

peak voltage level above corona onset, for a 1.5 cm conductor 30 m above ground.

[0034] It is shown that the corona constant, assumed constant in the CIGRE method [12],
decreases significantly with voltage over the wide range investigated. It is concluded that the
linear relationship (4), widely applied, can only be accepted as a rough approximation. The
reason that such relationship has been around for so long is that in the determination of the
surge impedance, the geometric capacitance is added to the corona capacitance and
furthermore the square root is taken. This masks the rough assumption undertaken in the
linear relationship (4), despite the well-known highly nonlinear nature of corona.

[0035] A comparison of the dependence of the negative streamer boundary radius on peak
applied voltage for a 1.5 cm ground wire at 30 m height above ground, as determined by the

two previous methods and by the present model, is shown in Fig. 3.

[0036] Except at lower voltages not relevant to backflash on HV lines, the discrepancies
between the results based on [11], [12] are found excessive. The assumption by Anderson
[11] of a critical streamer penetration gradient of 1500 k\V/m appears too restrictive. Fig.2,
which is based on extensive experimental results, shows that negative streamers can
penetrate regions where the applied electric field is much lower than 1500 kv/m. In the lower
voltage range in which the CIGRE formula (4) above is based on experimental results, the
agreement with the present model is closer. Above 2500 kV however where no experiments
were undertaken by CIGRE, the results substantially deviate.

[0037] It should be noted however that the effective radius of the conductor in corona would
be far less than the corona boundary radius shown in Fig.4. The reason is that while the
corona boundary may be assumed to determine the conductor capacitance, the inductance
remains unchanged, which in turn limits the effect of corona on surge impedance. From such
modified surge impedance an equivalent radius of the conductor in corona can be easily
determined. Fig.5 shows the corresponding variation of the effective radius of the above
ground wire (GW) with peak voltage. It is shown that the effective radius is smaller by an
order of magnitude than the corona boundary radius. Obviously, the same observations on

comparison between the different methods remain.

[0038] CONDUCTOR SURGE IMPEDEANCE
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[0039] EFFECT OF IMPULSE VOLTAGE

[0040] The corona boundary radius determined as described above was used to determine
the dependence of the conductor capacitance and surge impedance in corona on the
applied negative impulse voltage. In these calculations the conductor height above ground
was maintained at 30m. Model results were compared with those obtained using the
methods of [11], [12] in the negative impulse peak voltage range of 1250 kV to 4000 kV. Fig.
6 shows that for this conductor height, there is generally closer agreement between the
CIGRE method and the present model. Except for lower voltages of little practical interest for
backflash, the surge impedance based on [11] is simply too high, indicating that such
method tends to underestimate the effect of corona.

[0041] EFFECT OF CONDUCTOR HEIGHT

[0042] The model was used to determine the effect of conductor height above ground on
corona surge impedance, for a fixed negative impulse voltage level. Fig. 7 shows variation of
the surge impedance of the conductor in corona with height above ground, in the range of 15
to 560 m, at a fixed negative impulse voltage level of 3000 kV. Comparison is shown of the
present model results to predictions of the methods of Anderson [11] and CIGRE [12]. Again,
it is found that surge impedance values according to [11] are simply too high,
underestimating corona effect. It is clear that the CIGRE method [12] shows little effect of
height on surge impedance. This defies physical reasoning, since for the same impulse

voltage more intense corona will develop; the closer the conductor is to ground.

[0043] Model results on the other hand show a tendency of lower surge impedance in
corona, under the same impulse voltage, as the ground plane is approached, in agreement
with the above physically based reasoning. This defect in the CIGRE method is caused by
the assumption implied in (4) above, that the constant k is independent of conductor height.
This is a fundamental aspect that will be treated below in more detail, since it contributes to
the confusion in the selection of such constant referred to previously.

[0044] DETERMINATION OF CORONA CONSTANT

[0045] In negative impulse tests on conductors above ground the corona capacitance could
be determined from the total conductor charge in corona Quwt per unit conductor length

occurring at the impulse peak [12]:
[0046] Cior = Qtot/Um )
[0047] Ciot = Cyh + Ceor ...(6)

[0048] Equation (4) is then used to determine the corona constant k [12]. Some typical
results and analysis will be given in the section dealing with comparison with experiments.
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[0049] Another method determines the dynamic corona capacitance from the rate of change
of the conductor charge per unit length with voltage on the steep part of rise prior to the

voltage impulse peak:

[0050] C4 = dQ/dV A7)

[0051] The dynamic capacitance per unit length Cq is then expressed as the sum of the
geometrical capacitance of the conductor per unit length and the corresponding corona

capacitance per unit length Ccor:

[0052] C4 = C}, + Cior ...(8)
[00563] Cecor is then expressed as:
[0054] Cior = kg * (U, — Ugp) ...(10)

[0055] The constant ky is taken as twice k¢ [13], which from comparison of (9) and (10) is
valid only as long as U, is much smaller than Up,.

[0058] The first method for determination of the effective corona capacitance appears more
suited for estimation of the surge impedance needed in the backflash application, which is
the ultimate objective of the present paper. The second method on the other hand is more

applicable to studies of damping and attenuation of travelling waves on transmission lines.

[0057] A question frequently asked is whether the corona constant k varies with the
conductor radius. Model results in Table 1 based on the present Model show that for single
conductor ground wires the corona constant is practically independent of the conductor

radius.

[0058] Table1 Dependence of the corona constant k, on conductor radius. He: 30 m, Um:
3MV.

fo, M Ctwot-Cn, pF/m k, pF/kV.m
0.50 8.86 0.00321
0.75 8.53 0.00318
1.00 8.23 0.00315
1.25 7.97 0.00313

[0059] COMPARISON WITH EXPERITMENTS

[0060] The experiments in [10] constitute the basis of the CIGRE Method [12] and will be
treated here in great detail. Laboratory impulse tests of both polarities were conduced on
test lines of heights 5 m, 7.5 m and 8.25 m. The test line was short having an effective length

of 8 m, with the laboratory wall only 7 m away, resulting in significant proximity effect.
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[0061] The conductor diameters were 10mm, 26.4 mm and 65 mm. The highest impulse
voltage was necessarily limited, amounting to 2 MV. Only a single impulse application was
reported at every voltage level. We are therefore obliged to treat the results as one

population, ignoring secondary effects of conductor height and diameter.

[0062] Fig. 8 shows test results relating corona capacitance per unit length and the voltage
level above corona onset, U,-U.. Also shown is a straight line with a slope of 0.0033
pF/kV.m recommended by IEC [14]. It is shown that the dispersion of the measuring points is

excessive and the straight-line relationship can only be accepted as a rough approximation.

[0063] It is noted that (5), (6) above imply that at the voltage peak the conductor charge
amounts to Cy*Um, while it is generally accepted that above corona onset, the conductor
gradient does not go much above the onset gradient E.; [16], corresponding to a conductor
charge of C*U.

[0064] With this modification in mind, the present model was used to determine the corona
capacitance for conductors of different heights in the range of 10-50 m and impulse voltages
in the range 1250-4000 kV. It was found that the two dimensionless variables C.,/ C, and

(Um-Uc)/Uqi can be related by a general expression of the form:

[0065] Ceor/Ch=ax((Upy — Uci)/Uci)h (1 1)

[0066] Where the constants “a” and “b” generally decrease as conductor height is increased.
This means, as to be expected, that under the same voltage corona will be more intense on
a lower conductor. The experimental results of Fig. 8 are presented in the format of (11)
above, as shown in Fig. 9. It is noted that here the dispersion is significantly less and the
trend is clearer. This appears to support the nonlinear formulation and the constant gradient

on the conductor surface for voltages above corona onset.

[0067] Extensive numerical evaluation of model results showed that the relative increase in
the total conductor capacitance due to corona (Ciwt — Cn)/ Cn , can also be approximately
determined from expression (11), for heights of 10-50m and voltages of 1250-4000 kV, using
the constants “a” and “b” of Fig.10.

[0068] Finally another finding of the model is that the corona constant k as defined in the
CIGRE method varies considerably with conductor height. Fig.11 shows that k varies by a
ratio of 2.5 to 1 in the conductor height range of 10-50 m. This contributes to explain the
prevailing confusion about the value of k [13]. The experimentally based points added

appear to support the trend.
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[0069] MODEL FORMULATION I

[0070] When a transmission tower or ground wire is struck by lightning, the relevant
variables for back flashover calculations can be explained by the simplified equations (12),
(13) below.

[0071] For an ordinary line with one original or existing ground wire the peak impulse
voltage impressed across insulator string n can be expressed as:

Zm W
[0072] Ujngn = Ugn — Ugw * ﬁ — Uptn (12

[0073] Uin: transient voltage at the relevant point on the power transmission tower structure,

[0074] Ugw: transient voltage on the existing ground wire 3, comprising a ground and a tower

component,
[0075] Zgw: surge impedance of the existing ground wire 3 in corona,

[0078] Zmgwn: mutual surge impedance between the existing ground wire 3 and phase

conductor n,
[0077] Upm: time varying power frequency voltage of phase n,

[0078] In equation (12) the ratio of surge impedances is termed the coupling factor. For
otherwise the same conditions, it is clear that the higher the coupling factor, the lower the
voltage experienced by the insulator string. This will occur the higher the mutual impedance
and the lower the surge impedance of the ground wire. Lower surge impedance can be
realized if double ground wires are used. It will also result from corona, which will increase
the effective capacitance of the ground wire. The mutual surge impedance however can be

little manipulated since it is dictated by geometry.

[0079] With an added ground wire, underbuilt, embedded or otherwise, equation (12) can be

modified as:

Z W Zman
[0080] Ujpsn = Uy — Ugw * ;ngi,en — U, * Za - Upf (13)

[0081] Zgwe: surge impedance of the existing ground wire (GW) 3 in corona, modified due to
mutual coupling to the added embedded ground wire (GW) 4,

[0082] U.: transient potential of the added embedded ground wire (G\W) 4,

[0083] Ziyan: mutual surge impedance between the added embedded ground wire (GW) 4

and phase conductor n,

[0084] Z.. surge impedance of the added embedded ground wire (GW) 4, which also
includes mutual coupling to the existing ground wire (GW) 3 as well as corona effect.
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[0085] It is clear from equation (13) that the additional embedded ground wire (GW) 4 will
relieve the insulator string voltage through reinforced coupling, and that its benefit will be

higher as it is brought as close to the phase conductor in question as permissible.

[0086] In this paper the effect of an embedded ground conductor on back flashover
performance will be systematically investigated. A transient travelling wave program is used
to perform the numerical simulations. The assumed lightning stroke current has a linear rise
on a 2us front and a very long tail. The tower is represented by simple surge impedance
[12]. Nonstandard insulator withstand voltage is evaluated at 2ps and occasionally at 6 ps,

using a voltage-time curve proposed in [19] and adopted by IEEE [12].

[0087] Effects of GVV corona and soil ionization with concentrated ground are of particular
importance and will be treated below in some detail.

[0088] The CIGRE log- normal probability distribution of negative first stroke currents [12]
will be used, since it constitutes a better representation of field data, particularly in the higher
current range, most relevant for back flashover investigations [5]. The simpler IEEE
distribution [20] on the other hand deviates considerably in that range, resulting in a
probability that is 1.3 times the CIGRE value at 100 kA, the ratio increasing further to 2.5 at
150 kA and 5.1 at 200 kA.

[0089] EFFECT OF CORONA

[0090] The first step in the assessment of the effect of corona is to determine the radial

distance bridged by the negative streamers for any applied peak impulse voltage.

[0091] Traditionally there have been two methods available to determine the radius of the
corona envelope. Anderson [11] assumed that negative streamer propagation will stop if the
ambient geometrical applied field drops below a critical value of 1500 k\V/m. In [12] a linear
relationship is assumed between the increased capacitance of the conductor due to corona
and the applied impulse voltage. If needed the capacitance of the conductor in corona could
be used to obtain the radius of the corona envelope and the associated critical field. Based
on tests [21] the author determined [18] that such assumed linearity constitutes only a rough

approximation.

[0092] Based on extensive available material on negative impulse breakdown of long air
gaps, it was shown [18] that the critical field for negative streamer propagation is a function
of the applied field nonuniformity along the streamer path. Fig. 12 shows variation of the
critical field with the nonuniformity factor, defined as the ratio between the maximum and
average voltage gradients, for 1 cm and 1.5 cm ground wires. The critical field is far from
being a constant and reaches levels far below 1500 kv/m [11]. For the same nonuniformity
factor the critical field slightly decreases with the wire diameter.
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[0093] Fig.13 shows variation of the negative streamer critical penetration field for a 1.5 cm
conductor, 30 m above ground with the applied peak impulse voltage, as obtained by the
methods of [18], and [12], the latter with a corona constant of 0.0033 pF/kV.m as

recommended in [5].

[0094] With both methods the critical field varies in a wide range and again is much lower
than the 1500 kVV/m proposed in [11] and used widely within IEEE. In further calculations in
this paper the more rigorous method of [18] will be applied. The radius of the conductor in
corona r. at the relevant voltage is obtained through an iterative process. Once rc is
determined, calculation of the conductor capacitance and surge impedance in corona is

straightforward.

[0095] SOIL IONIOZATION

[0096] Korsuntcev [22] introduced an approach to account for the effect of soil ionization on
footing resistance, based on application of the theory of similitude to extensive experimental

results on concentrated ground electrodes.

[0097] In [12] a simple formula involving the ratio between the current Ir injected into ground
and the critical current for a spherical electrode |y, was introduced as an approximation to
the detailed Korsuntcev procedure

[0098] A comparison was made between calculations of the ratio R/Ro of ionized to
nonionized footing resistances using both the detailed analysis and the proposed CIGRE
approximation. This involves a SC SGW 245 kV line described in Section |ll below, at
critical backflash conditions. It is shown in Table 2 that when Ir is below or close to Iy
significant discrepancy occurs. Here Ep is a critical soil gradient and L a characteristic
maximum dimension of ground electrodes [22]. In this paper therefore only the detailed

Korsuntcev method will be used.

[0099] Table 2 Effect of sail lonization Detailed Vs. CIGRE Approximation Eqc=400 kV/m,
L=10m

P, lgc, Ir/
Om | Ro Q kA Ir, KA lgo Ri/Ro

Ri/Ra
Detailed | Approx.
250 10 159.2 | 122.2 | 0.77 | 0.99 0.75
500 |20 796 | 1094|137 [0.76 0.65
750 30 531 | 766 |144 (074 0.64
1000 | 40 39.8 |445 |1.12 [0.84 0.69
1500 | 60 265 |315 |1.19 |0.82 0.68

3000 | 80 29.8 | 245 |0.82 (097 0.74
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[00100] MODEL APPLICATION

[00101] LINE PARAMETERS

[00102] The 245 kv SC SGW investigated has a 250m span and the ground wire
attachment height is 31m. The attachment heights of the upper and two lower phases are
22m and 14.44m respectively. The lateral displacements of the upper and lower phases are
-3.7m, 4m and -4m.

[00103] The 345 kV DC DGW has a 300m span. The attachment height of the ground wire
amounts to 31.9m and those of the upper, middle and lower phases are: 27.37m, 20.36m
and 13.35m respectively. The corresponding lateral distances are: 3.87m, 4.67m, 5.33m and
5.79m.

[00104] The 420 kv DC DGW line has a 300m span and the ground wire attachment height
is 50m while those of the upper, middle and lower phases are: 43m, 29m and 17m
respectively. The corresponding lateral distances are: 6m, 5.5m, 10.24m and 5.5m.

[00105] EMBEDDED CONDUCTOR POSITION

[00106] With regard to coupling, as mentioned above, it will be beneficial to bring the
embedded conductor as close as permissible to the phase conductor. Under lightning
conditions dielectric integrity will be maintained if the phase conductor-embedded conductor
clearance is equal to or larger than the phase conductor to tower leg gap. With an
embedded conductor attached at the middle of the structure, the above condition is clearly
satisfied. The maximum positive switching overvoltage will then cause the critical stress.
Variation of the critical switching impulse withstand voltage of a phase conductor- ground
conductor clearance with gap length has been determined by an experimentally validated

procedure described in [23].

[00107] The results are shown in Fig.14 for clearances between the phase and embedded
conductor of up to 6m, with both conductor heights at 20m. It is shown that for gaps below
3m, where breakdown occurs with a streamer mechanism, the curve is linear. Above 3m on
the other hand breakdown is governed by the nonlinear leader mechanism. In that range it is
found that the withstand voltage is significantly higher than that of a phase conductor-tower
leg gap of equal length. This confirms that the gap factor of a phase conductor- ground wire
gap is larger than that of an equal phase conductor-tower leg gap. This is to be expected
due to the massive dimensions of the tower structure. The results also demonstrate that for
the 245 kV line a minimum net clearance between phase and embedded conductors at
midspan of only 1.2 m, after due consideration to atmospheric conditions, would be sufficient
to withstand an overvoltage factor of 3. Similarly for the 420 kV line the minimum net gap
required for the same overvoltage factor would be 2.1 m.
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[00108] With an assumed conductor deflection angle due to wind of 30°, at maximum sag
and maximum overvoltage factor, it was found that in the preferred embedded conductor

position, the overall insulation integrity was always maintained.

[00109] STREAMER-INHIBITED CONDUCTOR

[00110] Depending on line phase conductor topology and operating conditions significant
charge may be induced on the embedded ground conductor due to proximity effect. If such
conductor is of the streamer-inhibited type, any positive corona that may occur will be in the
glow, or ultra-corona mode [24-26]. Such conductor will not cause additional radio or audible
noise under the system operating voltage [15] and is therefore recommended for use as

embedded ground wire.

[00111] TOWER TOP POTENTIAL

[00112] Fig. 15 is a typical display of tower top potential of a SC SGW 245 kV transmission
line without embedded ground conductor subsequent to a critical lightning strike. For a
footing resistance Rp of 80 Q, the critical stroke current for back flashover is found to be
37.65 KA. The ionized footing resistance is 77 Q, only slightly below the nonionized value.
Reflection from adjacent towers is seen to arrive at 1.67us. The peak voltage at 2us reaches
2025 kV and the insulator string stress index amounts to 46.45 kV/KA.

[00113] With an embedded ground wire, also at a footing resistance Rp of 80 Q, Fig. 16
shows the corresponding tower top potential determined at the substantially higher critical
back flashover current of 100.47 kA. Due to the larger current Ir injected into ground, the
ionized footing resistance R;is found to be significantly lower than Ry. At this much higher
critical current the tower top peak potential is determined at 3517 kV, however the
corresponding insulator string stress index has been reduced to only 17.44 kV/kA, a

substantial 62.5% reduction.

[00114] SURGE IMPEDANCE IN CORONA

[00115] Fig. 17 shows the effect of corona on the surge impedance of a 1.5 cm diameter
ground wire of height 30 m as function of the peak impulse voltage in the range of 1500 kV
to 4500 kV. These are per unit values with the geometric surge impedance as a base. It is
shown that at 4500 kV corona caused approximately a 40% reduction in the surge
impedance. Also shown in Fig. 17 is the variation of the per unit surge impedance of a 1.5
cm embedded ground wire at 20 m height. Again the reduction due to corona is substantial.
It is concluded that the effect of corona should not be ignored in back flashover calculations.
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[00116] EEFECT OF SOIL IONIZATION

[00117] Table 3 shows the effect of soil ionization on footing resistance of a 420 kv DC
DGW transmission line, at critical back flashover currents, for different values of the tower
footing resistance. The results are shown with and without embedded ground conductor. The
effect of soil ionization is found to be quite significant, in particular in the presence of
embedded ground conductor, since under otherwise the same conditons, the current Iz

injected into ground is significantly higher.

[00118] It is concluded that for concentrated ground, soil ionization can not be ignored in
back flashover investigations.

[00119] Table 3: Effect of Soil lonization on Footing Resistance 420 kV DC DGW, Hgu:
50m, Hemp: 18-21m

Embedded | p, Om | Ro, Q | Ir, kA | Ri/Ro | Ic , KA
No 500 20 1129 | 0.75 | 161.7
Yes 500 20 156.4 | 0.62 | 262.5
No 1000 40 59.7 0.73 | 102.1
Yes 1000 40 91.7 0.56 | 198.0
No 1500 60 426 0.70 791
Yes 1500 60 65.0 0.53 | 164.8
No 3000 80 325 0.80 60.5
Yes 3000 80 498 0.54 | 1394

[00120] BACK FLASHOVER RATE

[00121] The Model was used to determine the effect of the embedded ground wire on back
flashover rate for the 245kV, 345 kV and 420 kV transmission lines over a wide range of
tower footing resistances, for ground flash density Ng= 1 F/sq.km.year. In all cases the
attachment height of the embedded ground conductor is equal or higher than the lower

phase.

[00122] For calculation of back flashover rate the number of lightning strikes collected by
the tower and ground wire (electrical shadow) is needed. This was obtained using the
authors own model [1] rather than another widely used expression [27]. The reason for this
preference is that in [1] modeling of lightning exposure of both ground wires and towers was
undertaken. In [27] however the attractive radius of the tower was calculated while the
attractive lateral distance of the GW simply assumed to be 20% shorter. However since our
main objective is to determine the ratio of back flashover rates without and with embedded
ground wire, the choice of the lightning exposure model becomes unimportant as long as the
same model is used all through.
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[00123] For the SC SGW 245 kV line, Fig.18 shows that introduction of an embedded

ground wire results in a reduction of the back flash rate by a factor of 10 or more.

[00124] Fig. 19 shows similar results for the DC DGW 345 kV transmission line. The ground
wires are 7.74m apart. For a double circuit line at such voltage the tower height of only 31.9

m makes for a compact design.

[00125] Similar results are shown in Fig.20 for the DC DGW 420KV transmission line. Here
the tower is 50 m tall and the ground wires are 12 m apart.

[00126] Fig.21, for a SC SW 245 kV transmission line with tall tower and long span,
confirms that the ratio between backflash rates without and with embedded ground
conductor is above 10, being much higher at lower tower footing resistances. While the latter
trend depends on line parameters, the approximately 10-fold improvement has always been

maintained or exceeded.

[00127] Finally it should be noted that contrary to the situation with underbuilt GW, the
proposed placement of the embedded conductor results in a separation from the lower
phase conductors that increases along the span. This is caused by the larger sag of an
ACSR phase conductor compared to that of an embedded steel ground conductor. Using the
expressions given in [21], the differences between the sags of the lower phase conductor
and the embedded ground wire were estimated for 250 m, 300 m and 370 m spans. The sag
difference estimates amounted to 1.56 m, 2.25 m and 3.42 m respectively. These are
significant values considering the clearances required to withstand switching overvoltages as
discussed above. The recommended positioning of the embedded ground conductor also

has the advantage of not infringing on the free clearance under the transmission line.

[00128] CONCLUSIONS

[00129] 1. A novel approach was developed to determine the critical field needed for a

negative streamer to penetrate a nonuniform field region.

[00130] 2. The method was used to determine corona boundary under negative impulse
voltage in long air gaps, particularly conductor to ground plane.

[00131] 3. The model was used to determine the dependence of surge impedance of a

conductor in negative corona on peak impulse voltage and conductor height.

[00132] 4. The model findings were compared to two methods used to account for the effect
of negative corona on conductor characteristics.

[00133] 5. It was determined that the method assuming constant critical field lacks physical
basis and underestimates corona effect.
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[00134] 6. It was also found, based on model results, that the linear relationship between
applied impulse voltage and the effective corona capacitance can only be accepted as a

rough approximation.

[00135] 7. The model also showed that ignoring the effect of conductor height on the corona
constant in the CIGRE method contributes to the prevailing confusion about selection of

such important parameter.

[00136] 8. An embedded ground wire attached at or above the attachment height of the
lower phase is proposed as novel alternative solution to the backflash problem.

[00137] 9. A properly placed embedded ground wire does not infringe on the overall

dielectric integrity of the line clearances.

[00138] 10. A streamer inhibited embedded ground conductor is favoured due to its ultra-
corona characteristics that eliminate the possibility of undesirable radio or audible noise
under system operating voltage.

[00139] 11. It is essential to rigorously consider the effects of corona and soil ionization and
to use a statistical distribution particularly reliable at high lightning stroke currents relevant to

back flashover calculations.

[00140] 12. The embedded conductor results in substantial increase in the critical back

flashover current and a corresponding reduction in the insulator string stress index.

[00141] 13. Back flashover performance of lines provided with embedded ground conductor
benefits significantly from negative impulse corona effect and from soil ionization for
concentrated tower ground.

[00142] 14. It has been shown that over a wide range of ground resistivities and associated
tower footing resistances, the application of an embedded ground conductor results in
reduction of the back flashover rate by a factor as high as 10 or more.

[00143] 15. The gains in reducing the backflash rate achieved by the proposed embedded
ground wire considerably exceed the corresponding levels previously reported using
underbuilt conductors.

[00144] 16. Contrary to an underbuilt ground wire the proposed positioning of the embedded
conductor results in a separation from the lower phase that increases along the span and

furthermore leaves the clearance below the transmission line free.

[00145] Other objects, advantages and features of the present invention will become more
apparent upon reading of the following non-restrictive description of specific embodiments

thereof, given by way of example only with reference to the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[00146] Figure 1 is a front elevation view of an example of a power transmission tower with
an embedded ground conductor and its location, according to a preferred embodiment of the

present invention.

[00147] Figure 2 is a graphic showing the variation of negative streamer penetration field
with field nonuniformity, conductor-plane gap. Conductor radius, Upper: 0.75cm, Second:
1.25cm, Third: 1.75cm.

[00148] Figure 3 is a graphic showing the variation of the corona factor k with the peak

voltage level above corona onset. Conductor height: 30 m, Conductor radius: 0.75 cm.

[00149] Figure 4 is a graphic showing the variation of corona boundary radius of conductor
with negative lightning impulse voltage peak. Height: 30m and radius: 0.75 cm. CIGRE
Method (Diamond), Present work (Triangle), Anderson (Round) [11].

[00150] Figure 5 is a graphic showing the effect of negative impulse voltage on effective
corona radius. Conductor height: 30m, conductor diameter: 1.5cm. CIGRE Method

(Diamond), Present Work (Triangle), Lower: Anderson [11].

[00151] Figure 6 is a graphic showing the dependence of single conductor effective surge
impedance on applied negative impulse voltage, Upper (Round): Anderson [11], Present
Work (Triangle), CIGRE method (Diamond) [19]. ro: 0.75¢cm, h: 30m.

[00152] Figure 7 is a graphic showing the variation of effective surge impedance under
negative corona with conductor height. Upper: Anderson [11], Triangle points: Present Work,
Diamond: CIGRE [12]. ro: 0.75 cm, Um: 3000 kV

[00153] Figure 8 is a graphic showing the variation of conductor corona capacitance with
peak impulse voltage above corona onset U-Ug. Points: experiments [10]. Straight line: IEC
Standard recommendation with a slope of 0.0033 pF/kV.m.

[00154] Figure 9 is a graphic showing the variation of the capacitance ratio C../Cn with
overvoltage factor (Um-Us)/U.i, obtained from [10]. Measurements: (Diamond), Model-based
formula (Square)

[l

[00155] Figure 10 is a graphic showing the variation of the corona parameters “a” (Lower)

and “b” (Upper) with conductor height. Conductor diameter: 1.5 cm.

[001568] Figure 11 is graphic showing the variation of negative impulse corona constant k
with conductor height above ground. Triangle: deduced from [16], Square: deduced from

[17]. Conductor diameter: 1.5 cm.
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[00157] Figure 12 is a graphic showing the variation of critical negative streamer penetration
field with field nonuniformity, conductor-plane gap. Conductor radius, Upper: 0.5cm, Lower:
0.75 cm

[00158] Figure 13 is a graphic showing the variation of the critical negative streamer
penetration field with peak impulse voltage in a conductor plane gap. Hgw: 30 m, Diameter:

1.5cm. Triangular points: [4], at a corona constant of 0.0033 pF/kVV.m. Square points: [3].

[00159] Figure 14 is a graphic showing the variation of critical positive switching impulse
withstand voltage with gap length of a phase conductor- embedded ground wire gap.
Conductor diameter: 3 cm, Embedded conductor: 1.5 cm. Conductor heights: 20 m.

[00160] Figure 15 is a graphic showing the tower top impulse potential at critical backflash
current, 245 kV SC SGW. No embedded ground conductor. H:31m, Span: 250m, R;: 77
ohm, Ry:80 ohm, lsgoke: 37.65 KA

[00161] Figure 16 is a graphic showing the variation of tower top potential with time, at
critical current backflash level. 245 kv SC SGW, with embedded ground conductor. Hi: 31m,
Span: 250 m, Hemp: 14.44m. Ri: 51 ohm, Ro: 80 ohm, lgtroke: 100.5 KA.

[00162] Figure 17 is a graphic showing the variation of surge impedance in corona, in per
unit of the geometric value, with peak impulse voltage. Upper: Ground Wire, h=30m, rp =
0.75 cm. Lower: Embedded Conductor, h=20m, ro= 0.75 cm.

[00183] Figure 18 is a graphic showing the variation of backflash rate with tower footing
resistance. 245 kV SC, SGW, with (Lower ) and without (Upper) embedded ground wire.
Hgwt:31 m, Span: 250 m, Hemrt:15.44-15.74 m. Lower phase attachment height:14.44 m. Ny
:1/sq.km.year

[00164] Figure 19 is a graphic showing the variation of backflash rate with tower footing
resistance. 345 kv DC DGW, H:31.9 m, Span 300 m, with (Lower) and without (Upper)
embedded GW. Hemp=13.35 m. Lower phase attachment height: 13.35m, Ng=1 /sq.km.year

[00165] Figure 20 is a graphic that shows the variation of backflash rate with tower footing
resistance. 420 kV DC DGW, with (lower) and without (upper) embedded ground wire. Hgut:
50m, Span: 300m, Lower phase attachment height: 17m, Hemp: 18-21m. Ng: 1 F/sq. km. year

[00166] Figure 21 is a graphic showing the dependence of the ratio Ns to New , respectively
backflash rates without and with embedded GW, on tower footing resistance. 245 kV SC
SGW, tall tower and long span. Hgwi: 43.5 m, Span: 370 m. Hi: 36.9 m, Hx=Ha: 29.35 m.
Hemb: Variable in the range 29.35m to 31m.
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DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[00167] The present invention is illustrated in further details by the following non-limiting
examples.Referring to Figure 1, there is shown a power transmission tower structure 1
including power conductors 2, overhead ground wires 3, and an embedded ground
conductor 4 for improved lightning performance, according to a preferred embodiment of the
present invention. An embedded ground conductor 4 is defined as a grounded conductor,
preferably streamer-inhibited, who’s exact position shall be determined by detailed travelling
wave simulation of a lightning strike, considering the influence of the general layout of power
conductors 2 and overhead ground wires 3 in order to optimize the coupling factors to all
conductors. Typically, the embedded conductor is attached at or in the vicinity of the vertical
axis of the power conductor system in a position that lies above the attachment points of the
lower conductors but below the upper conductors. A typical position X of the ground
conductor 4 is indicated on the sample tower structure 1. In this example, the ground
conductor 4 is located at the horizontal center of the tower structure 1. Additionally, the
clearance between such an embedded conductor and any power conductor must be
sufficient to sustain any voltage stress experienced under both normal operating and
switching conditions

[00168] The present invention uses a streamer-inhibited conductor [26], not underbuilt but
rather embedded within the multi-conductor system, in order to optimize the coupling factors
to all conductors. This is contrary to the underbuilt ground wires, which normally improve the
backflash performance of the lower conductors while implicitly assuming that little could be
done to further improve performance of the upper conductor. The present invention, unlike
any previous technique, recognizes that optimization of all coupling factors leads to the

ultimate goal of realising the best overall backflash rate of the line.

[00169] The streamer-inhibited conductor goes into corona in the glow mode, rather than
the streamer mode, often encountered on regular conductors. Since positive streamers on
regular conductors constitute the primary cause of radio interference (RI) and audible noise
(AN), such conductors could not be placed on the tower in locations where they may be
exposed to significant induced charges. Such induced charges would vary with operating
conditions including having two circuits having different voltages on the same tower or with
one circuit operating while the other being out for maintenance. Additionally, corona onset of
regular conductors is influenced by the presence on their surface of water droplets, making
such conductors prone to Rl and AN under rain. On the other hand, inhibited conductors do
not manifest such environmentally undesirable effects and are electrically insensitive to rain,
which provides considerable flexibility in their installation. This results in the following unique

advantages:
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[00170] 1. A most important requirement is that the placement of the embedded streamer-
inhibited conductor on the tower must not in any way adversely affect the insulation
withstand characteristics of air clearances on the tower or between conductors. For EHV
lines the minimum tower clearances are determined by the withstand capability of air gaps
when exposed to maximum positive switching impulse overvoltages. This determines the
minimum conductor-tower window or conductor-tower leg clearances as well as, of course,
the spacing between conductors. Attaching a streamer-inhibited conductor to the tower at
the same height or above the lower conductors would not in any way impair the insulation
strength of the conductor tower clearance. This is because it has been amply demonstrated
experimentally that the critical positive switching impulse breakdown voltage of a power
conductor-tower leg clearance is significantly lower than that of a corresponding power

conductor- smaller conductor gap (lower gap factor).

[00171] 2. Under negative switching impulse overvoltage the air gap strength will be much
higher than under positive polarity and does not therefore constitute a design criterion.
Nevertheless if under such conditions a positive charge is induced on the streamer-inhibited
conductor under operating voltage, no positive streamers will be generated from the
streamer-inhibited conductor and the integrity of air insulation will be maintained.

[00172] 3. Furthermore, when the streamer-inhibited conductor is placed on the tower at the
same height or above the lower conductors, the separation between the power and inhibited
conductors will increase along the span away from the tower. This is contrary to what
happens with regular underbuilt ground wires, where the larger power conductor sagging

reduces such clearance, making it sensitive to electrical load and environmental conditions.

[00173] 4. The embedded inhibited conductor is not exposed to direct lightning strikes and is
not intended to act as a shielding ground wire. Nevertheless, such conductor would through
glow corona space charge still contribute, as a side benefit, to improve shielding
performance of the line. An underbuilt crdinary ground wire would obviously offer no such

advantage.

[00174] 5. The onset voltage of glow corona on streamer-inhibited conductors is 2 to 3 times
lower than that of a similar regular conductor [25]. According to CIGRE Guide [12], this is
expected to lead to an increased effective capacitance in corona under negative impulse
voltage. This in turn would decrease surge impedance and enhance coupling factors to
power conductors and tend to improve back flashover performance of the line.

[00175] 6. The embedded conductor, being closer to the electrical center of the power
conductors results in reduced magnetically induced current from the power conductors as

compared to an underbuilt conductor.
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[00176] 7.Extensive computer modeling of back flashover of single- and double-circuit
transmission lines in the voltage range of 245 kV to 400 kV, and tower footing resistances in
the range of 10 to 80 ohm, showed that the use of embedded streamer inhibited conductors
could improve backflash line performance over that with underbuilt regular conductors by as
much as a factor of two or more.

[00177] 8. Comparison of the back flashover performance of transmission lines with
embedded inhibited conductors to lines not provided with such a feature, shows reduction of
the back flashover rate by a factor of 10 or more. The largest absolute reduction in backflash
rate occurs where such an improvement is most needed, as shown by typical simulation
results in Figure 2, Figure 3 and Figure 4. The simulation result shows the variation of the
backflash rate with footing resistance of the struck tower with an embedded conductor (lower

curve) and without an embedded conductor (upper curve) for 3 different system voltages.

[00178] The scope of the claims should not be limited by the preferred embodiments set
forth in the examples but should be given the broadest interpretation consistent with the
description as a whole. The present description refers to a number of documents, the
content of which is herein incorporated by reference in their entirety.
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CLAIMS

1. A power transmission tower structure including power conductors, the
structure comprising at least one existing ground wire and an embedded ground wire or
wires, wherein a position of the embedded ground wire or wires optimizes coupling factors to

all said power conductors for improved lightning performance.

2. The power transmission tower structure according to claim 1, wherein

the embedded ground wire is a streamer inhibited conductor.

3. The power transmission tower structure according to claim 1, wherein

the embedded ground wire is a bundle of conductors.

4. The power transmission tower structure according to claim 1 or 2,

wherein the embedded ground wire is a communication cable.

5. The power transmission tower structure according to any one of
claims 1 to 4, wherein the embedded ground wire is isolated from the tower under system

voltage but grounded under lightning impulse voltages.

6. The power transmission tower structure according to claim 5, wherein
the embedded ground wire is mounted on a low voltage distribution insulator.

7. Method for determining a location of installation of at least one
embedded ground wire on a power transmission tower structure including at least one
existing ground wire and power conductors for improved lightning performance thereof, said

method comprising:

al) without said embedded ground wire being installed on said power
transmission tower structure, calculating a peak impulse voltage U,,q, impressed

across an insulator string n using the following formula:

Zinew .
Uinsn = Ugn — Ugw * % - Upfn (12) wherein:

Ut:: is a transient voltage at a relevant point on the power transmission tower

structure,

Uqw: is a transient voltage on the existing ground wire, comprising a ground
and a tower component,

Zg,: is a surge impedance of the existing ground wire in corona,
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Zmngwn: is @ mutual surge impedance between the existing ground wire and a

phase conductor n,
Upm: is a time varying power frequency voltage of phase n;

a2) determining an effect of corona on any ground wire by calculating a radial

distance bridged by negative streamers for any applied peak impulse voltage;

a3) determining soil ionization effects on a tower footing resistance of said

power transmission tower structure;

a4) performing transient voltage simulation to determine an effect of said

steps a2) and a3) on said peak impulse voltage Uinsn;

b) installing said embedded ground wire on said power transmission tower
structure, said embedded ground wire being placed at an initial height Ho, and
repeating said steps at), a2), a3), ad) to determine an improved critical current by
using the following equation:

Z Z .
Uinsn = Uen — Ugw * ;n;‘:;n — U, = I;:n - Upf (13) wherein:

Zgwe: is a surge impedance of the existing ground wire in corona, modified due

to mutual coupling to said embedded ground wire,
U.: is a transient potential of said embedded ground wire,

Zman: is @ mutual surge impedance between said embedded ground wire and

phase conductor n,

Z.: is a surge impedance of said embedded ground wire, which also includes
mutual coupling to the existing ground wire as well as said corona effect;

¢) vary a height of the embedded ground wire by an amount AH, and repeat

said step b) in order to determine the critical current; and

d) repeat said step c) until the critical current reaches a maximum value,
whereby a corresponding embedded ground wire height is at an optimum position
for an overall backflash performance of a power transmission line of said power

transmission tower structure.
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8. A power transmission tower structure including power conductors, the
structure comprising at least one existing ground wire and an embedded ground wire or
wires, wherein a position of the embedded ground wire or wires to optimize coupling factors
to all said power conductors for improved lightning performance is determined according to

the method of claim 7.

9. The power transmission tower structure according to claim 8, wherein

the embedded ground wire is a streamer inhibited conductor.

10. The power transmission tower structure according to claim 8, wherein
the embedded ground wire is a bundle of conductors.

11. The power transmission tower structure according to claim 9 or 10,

wherein the embedded ground wire is a communication cable.

12. The power transmission tower structure according to any one of
claims 8 to 11, wherein the embedded ground wire is isolated from the tower under system

voltage but grounded under lightning impulse voltages.

13. The power transmission tower structure according to claim 12,

wherein the embedded ground wire is mounted on a low voltage distribution insulator.
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