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Abstract - Lightning-induced voltages in power systems are
nowadays one of the causes of the main power quality and
electromagnetic compatibility issues. In recent years, due to
the increasing demand by customers for good quality in the
power supply along with the widespread use of sensitive
devices connected to distribution lines, the protection
against lightning-induced disturbances became of primary
importance. Installing pipelines in energy utility corridors
containing high-voltage AC transmission lines subjects the
pipelines to induced AC voltages which are a real and seri-
ous problem which can place both operator safety and pipe-
line integrity at risk. In case of a lightning strike on power
line, the electromagnetic field produce by this pulse induces
voltages in the nearby metallic structures. An electromag-
netic interference analysis has been performed in case of a
metallic gas pipeline that runs nearby a 110 kV/ 50 Hz pow-
er line. Different scenarios regarding the lightning strike on
HVPL were investigated. Due to high value of the separation
distance between HVPL and MP, only the effect of inductive
and capacitive coupling is taking into account. Professional
software for power system transients (EMTP-RV) is used to
create an original transient state equivalent electrical circuit
model of the system and to perform simulation of the tran-
sient process during lightning strike and compute the in-
duced voltages in the metallic pipeline.

Keywords: electromagnetic interferences, AC induced volt-
ages, gas pipeline, lightning stroke, EMTP-RV

I. INTRODUCTION

Due to fast development of economy, energy demand
is gradually pressing and the power transmission line and
oil/gas pipelines are in the construction of rapid devel-
opment. In many cases, these utilities have been forced to
share the same distribution corridors for their networks.
The main reasons for that were the strict environmental
regulations that made it very difficult and time consum-
ing to choose another corridor and the higher financial
costs a new corridor would inflict. This resulted in situa-
tions where gas, water or oil supply utilities are sharing
the same rights-of-way with overhead power lines or AC
railway systems for several kilometers and in proximity
to each other [1, 2].

Installing pipelines in energy utility corridors
containing high-voltage AC transmission lines subjects
the pipelines to induced AC voltages which is a real and
serious problem which can place both operator safety and
pipeline integrity at risk.

The electromagnetic fields generated by high voltage

power line (HVPL) result in AC interference to nearby
metallic structures, in the form of three mechanisms,
namely inductive, conductive and capacitive. Capacitive
coupling especialy afects the aboveground pipeline since
it has both a capacitance to the transmission line and
earth. Inductive coupling is caused by the time-varying
magnetic field produced by the transmision line curents.
Aerial and underground pipelines are both afected by
inductive coupling. Resistive coupling is only relevant
during the grounding fault and lighting strike when
significant level of current flow into the earth. This will
raise the potential of the tower base and of the
neighboring soil with regard to the remote earth, and
results in considerable stress voltage across the coating of
the pipeline, which can lead to arcing that damages the
coating or even the pipeline itself. When the lightning
strikes the HVPL, both the inductive and resistive
coupling will take place and put the pipeline at severe
risk [1, 3, 4].

Lightning is an important phenomenon that implies an
extremely high current, high voltage and transient electric
discharge. It is caused by the accumulation of charges on
clouds which, when sufficient potential is reached with
respect to the ground (minimum 3%x106 V to maximum
1010 V [5]); breaks down the air insulation gap and a
discharge spark results. The current of the lightning dis-
charge can be of the order 3-200 kA, about 1% is 140 kA
or more whilst about 50% exceeded 32 kA [6, 7].

Interference from a lightning discharge is sometimes
referred to as a lightning electromagnetic pulse. The field
from this pulse induces currents and voltages in any con-
ducting material in the vicinity [7].

Gas-pipes generaly are made of steel and polyethylene
sheath is widely adopted as the gas-pipeline's outside
corrosive protection material. When a high structure such
as a power transmission tower is installed near the gas-
pipeline route, there is a possibility that dielectric
breakdown of polyethylene occurs especialy in case of
lightning strike on HVPL.

Lightning overvoltages could be produced by direct
lightning strokes to phase wires or by back flashover,
when the lightning stroke hits the tower or the sky wire
and the voltage across the phase wire insulator string ex-
ceeds its withstanding capability.

Direct strike rather than indirect is researched on be-
cause the insulation level of overhead line is of higher
magnitude in the transmission line systems. Most light-
ning strikes on transmission lines are direct strikes. Indi-
rect strike will have little impact on the transmission and
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therefore voltages produced may not be severe. Pipelines
are mainly running parallel with transmission lines. For
distribution lines, the distance between the shield wire
and the insulator is less; therefore induced voltages due
indirect strike are also very important to assess for low
voltage and medium voltages systems [8].

Therefore a proper study of lightning performance of
the transmission lines running parallel with pipelines or
any other metallic structures is crucial in order to ensure
the required electrical safety and electromagnetic com-
patibility.

This paper investigates the induced voltages in a metal-
lic gas pipeline (MP) that runs near a 110 kV/ 50 Hz
power line, when a single lightning strokes on the tower
respectively on phase wire of the HVPL. Since the dis-
tance between pipeline and HVPL, along the common
distribution corridor, is significantly large (25m), the re-
sistive and capacitive couplings are neglected and only
the effect of inductive coupling is taking into account.

II. HELPFUL HINTS

An existing gas stream pipeline shares the same paral-
lel distribution corridor (5 km), on a significant part of its
lengths, with a 110 kV/50 Hz single circuit overhead high
voltage power line. Fig. 1 presents a cross-section of the
studied problem. The HVPL consists of 3 copper phase
wires placed in delta configuration electrical towers at
18 m respectively 22 m above ground and 1 aluminum-
steel sky wire placed at a height of 27 m.
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In order to increase accuracy of the EMTP-RV simula-
tion, the implemented geometrical model, takes into ac-
count a 20 km section of HVPL, on both sides of the par-
allel common corridor (see Fig.1).

The considered underground pipeline is part of a natu-
ral gas transmission main. The burial depth of the pipe-
line is 1.4 m; its outside diameter is 800 mm and its wall
thickness 10 mm. The pipeline is coated with fused
bonded epoxy primer and three-layer extruded polyethyl-
ene. The resistivity of the coating material is considered
tobe 25 MQ-m (see Fig. 2).

A. Transmission Line Tower Modell

One of the most important steps in the evaluation of fast
front overvoltages produced by lightning strikes to over-
head power lines is the accurate modelling of transmission
transmission line towers.

Fig. 3. Model circuit of the 110kV tower

Although the lightning response of a transmission line
tower is an electromagnetic phenomenon, the representa-
tion of a tower is usually made in circuit terms. The sim-
plest representation of power line tower is a lossless dis-
tributed-parameter transmission line, characterized by its
surge impedance and travel time (see Fig. 3).
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Fig. 2. Part of the EMTP_RV Model of the analyzed system.
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The surge impedance would be obtained by defining a
weighted average of the tower radius. This approach has
been adopted also by CIGRE in 1991 [9] and IEEE in
1993 as standard method to evaluate transmission line
tower equivalent surge impedance

Z,; =60 -In(cot(1/2 -arctan (R, /H))) (1)
where:
Rag =(n-hy+r,-h+r,-h)/H )

In order to take into account soil ionization phenomena,
tower footing could be represented by a current dependent
variable resistance driven by equation (3) proposed by
CIGRE [10] and IEEE [11]:

Ry =Ry /1+1/1c; 1c=(0/2n)-(E,-p)/R,>  (3)

where:
e Ry - the current dependent tower footing resistance,

e Rq - the low current and low frequency footing re-
sistance,

Ic - the limiting current to initiate soil ionization,

| - the strike current,

p - the soil resistivity,

E, - the soil ionization gradient.

B. Lightning Current Modelling

The lightning current produced by a lightning stroke to
an overhead transmission line could be model using a
variable current source in parallel with a 400 Q resistance
representing the air path between the clouds and the
transmission line.

To describe the lightning impulse current usually
manufactures use a Ramp, eq. (4), or a Double Exponen-
tial, eq. (5), function which are easier to implement in test
equipment.

IA.I

t t<t,
e ()=1 | )
LC . _ _
T (2t, -t, -t) t>t,
IDExp(t) = ILC : (eiAlt _eiBA[) (5)

where: ILC is the amplitude of the lightning current, tf
is the time to front, th is the time to half, while A and B
are exponential coefficients for the double exponential
model.

In 1991 based on statistical analysis of recorder light-
ning strikes around the world CIGRE [10] proposed a
more complex formulation of lightning current which to
take into account the concave form of the rise up part:

A-t+A " t<t

| = - -
CIGRE(t) B ,ex{_tt_tCJ -B, -ex{—t : t°J t>t ©)
| 2

where: tc is the time to crest, t1 and t2 are time pa-
rameters and A, A,, B, B, are coefficient parameters

which describe the front and the tail part of lightning cur-
rent waveform [10].

Recently in literature the Heilder lightning current
function [12] is used for the study of fast front over-

voltages produced by lightning strikes to overhead power
lines:

I Heidler (t) =

t

_._.exp[_L] 7)
n { t ]n ty
1+

where: n is the order of the implemented Heidler func-
tion and 7 is a scaling coefficient.
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Fig. 4. 10 kA, 8/20 ps lightning current implementation with differ-
ent mathematical functions.

Recently, in literature, the Heilder lightning current
function [12, 13] is used for the study of fast front over-
voltages produced by lightning strikes to overhead power
lines (I ¢ is the amplitude of the lightning current, t; is the
time to front, ty, is the time to half):

(t/t, )

IHeidIer(t):%'m’exp(_t/th) (8)
with:
n=expl—(tf/th)-(n-th/tf)%l 9)
where:

e n - the order of the implemented Heidler function,
e 1) - a scaling coefficient.

III. EMTP-RV SIMULATON RESULTS

A. Steady State HVPL Operating Conditions

In the first stage, the HVPL-MP electromagnetic inter-
ference study was carried out for HVPL steady state op-
erating conditions, in order to act as a comparison for the
investigated lightning stroke scenarios.

As normal operating condition a 50 MVA symmetrical
three phase load is considered for the power line (250 A
on each phase wire).

Fig. 5 presents the evaluated RMS value of the induced
voltage along pipeline length in case of steady state
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HVPL operating conditions.

It can be observed that the highest induced voltage
RMS values (12.23 V) are recorded at the two ends of the
common distribution corridor HVPL-CM. For a more
detailed analysis, Fig. 5 presents the obtained induced
voltage waveforms, through EMPT-RV simulation, at
different locations along pipeline length.
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g. 5. Induced voltage along pipeline length.

According to Fig.5, for a specific time moment the in-
duced voltage on the pipeline has opposite sign at the two
ends (at 0 km and 5 km) and it is almost zero in the mid-
dle of common HVPL-MP right of way (at 2.5 km).
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Fig. 6. Induced voltage waveform at different location
along the common HVPL-MP right of way.

B. Lightnig Strike to Sky Wire with Back Flashover

In case of a lightning stroke to the HVPL sky wire, the
lighting current flows towards the ground through the
nearest power line towers, producing a potential rise along
the towers and in nearby earth.

If the voltage difference between a tower cross arms
and the adjoining phase conductor is higher than the with-
stand voltage of the insulator string then a back flashover
phenomena appears and a part of the lighting current will
flow toward the phase wire.

Due the fact that the insulator string may fail to with-
stand a lower transient voltage with a longer duration, but
could withstand high overvoltage values for a short dura-
tion, the volt-time characteristic proposed by CIGRE [10]
has been implemented for the back flashover simulations:

Vs = Ky + Kz/tO'75 (10)

with:
K,=400-L, K,=710-L (11)
where:
. Vwins - the insulator string withstand voltage in
(kV),

. L - the length of the insulator string in (m),

. t i- the elapsed time in (us) from the lighting
stroke occurring.

The worst case scenario is investigated when the light-
ning stroke hits the sky wire at the middle of the common
distribution corridor, near to a power line tower. A 100 kA
8/20 ps lightning current is considered to strike at simula-
tion time 5 ms, when phase A (the upper phase wire) volt-
age reaches its peak value and a back flashover phenom-
ena occurs.

Most of this lightning stroke current flow through the
power line tower into the earth and due to back flashover
phenomena into phase wire A, whereas a part of it flows
through the sky wire towards the neighboring towers (see
Fig. 7).

Fig. 8 highlights the evaluated overvoltage waveforms
on phase A (the upper phase wire) and phase B (the clos-
est phase wire to the pipeline) in case of back flashover,
respectively on the sky wire (tower top) at fault location
and at the neighboring towers.

It may be noted that almost no overvoltage is recorded
on the sky wire at the 5™ tower numbered from the fault
location.
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Fig. 7. Produced fault current due to lightning stroke.
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Due to inductive and capacitive coupling phenomena
the transient overvoltages produced by the lightning strike
in the power line phase and sky wires are transferred also
to the nearby MP.

Fig. 9 emphasizes the induced voltage waveforms re-
corded at different locations along the underground pipe-
line.

The induced voltage waveform in the underground me-
tallic pipeline propagates from the fault location in both
directions and reaches the ends of common distribution
corridor with a 65% attenuation and a 10 ps time delay
(according to Fig. 9). The induced voltage in the under-
ground pipeline dissipates in less than 1 ms.
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Fig. 9. Induced voltage waveforms in case of lightning stroke
to sky wire with back flashover phenomena.

A harmonic analysis of the induced voltages in the can
be done according to [14].

C. Lightnig Strike to Sky Wire without Back Flashover

The second investigated high voltage power line fault
operating condition scenario refers to a much lower light-
ning stroke on the overhead sky wire and no back flash-
over phenomena is triggered. This kind of situation is
most common in real life.

Therefore, a 15 kA lightning current is considered to
strike the sky wire in the middle of the right of way (de-
tails in Fig. 2).

o 250
& ()

=)

=

=
—

)

— —
= on
= =

wn
= =

wn
=

Lightning Produced Overvolt

-100
4.95 499 5.03 307 3t

(ms) 5.15

~Tower Top at fault location -~ Phase A at fault location - Phase B at fault location ~ Time
- Tower Top at 5th tower

Fig. 10. Produced overvoltage waveforms on power line towers
in case of lightning stroke to sky wire with no back flashover triggered.

Fig. 10 shows the evaluated overvoltage waveforms on
the sky wire (tower top) at fault location and at the neigh-
boring towers, and on phase wire A and B at fault location
in case of no back flashover phenomena, respectively.
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Fig. 11. Induced voltage waveforms in case of lightning stroke
to sky wire with no back flashover phenomena triggered.

For the second investigated lightning strike to sky wire
scenario the obtained induced voltage waveforms in the
underground pipeline, through EMTP simulation are em-
phasized in Fig. 11. In this case the induced voltage wave-
form dissipates in less than 300 ps.

D. Lightnig Strike to Phase Wire

The sky wires of a HVPL are designed in order to pro-
tect the phase conductors form direct lightning strikes.
However, a relatively low magnitude lightning strike may
bypasses the sky (shield) wire and attaches to one of the
transmission lines phase conduct ors, situation when a
shielding failure occurs [15].

In order to evaluate the induced voltage waveforms in
the underground pipeline in case of a shielding failure a 3
kA lightning strike is considered hitting the upper phase
wire (phase A) at the middle of the common distribution
corridor nearby a power line tower.

Fig. 12 presents the produced overvoltage waveforms in
the transmission line phase conductors in case of a 3 kA
8/20 us lightning strike hitting the upper phase wire at
simulation time 5 ms when the phase voltage reaches its
peak value.
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Fig. 12. Induced voltage waveforms in the underground pipeline
in case of lightning strike to the upper phase wire.
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Fig. 13. Induced voltage waveforms in the underground pipeline
in case of lightning strike to the upper phase wire.

The obtained induced voltage waveforms in the under-
ground pipeline are showed in Fig. 13.

E. Effect of Mitigation Wire

The mitigation technique consists of a long buried wire
parallel to the transmission line, often on the side of the
transmission line opposite to the pipeline. With proper
positioning, the voltages induced in the wire are out-of-
phase with voltages induced into the pipeline [16].

For the present study a mitigation copper wire with 4
mm diameter was considered placed at 0.5 m from the
gas pipeline.
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Fig. 14. Induced voltage waveforms in the presence of a mitigation wire
for the case of the lightning strike to sky wire with back flashover.

The induced voltage waveforms in the underground
pipeline evaluated in the presence of a mitigation wire, for
the case of the 100 kA 8/20 s lightning strike to sky wire,
with back flashover phenomena on the upper phase wire
(see paragraph I11.B) are presented in Fig. 14.

In the presence of the mitigation wire the peak of the
induced voltage waveform in the pipeline due to lightning
strike to HVPL sky wire is reduced with more than 75%.

IV. CONCLUSIONS

An electromagnetic interference analysis has been per-
formed in case of a metallic gas pipeline that runs nearby
a 110 kV/ 50 Hz power line. Different scenarios regarding
the lighting stroke on HVPL were investigated. Due to
high value of the separation distance between HVPL and
MP, only the effect of inductive and capacitive coupling is
taking into account. An original transient state equivalent
electrical circuit model was implemented in EMTP-RV

software, in order to compute the induced voltages in the
nearby pipeline.

The obtained results highlight the fact that the under-
ground gas pipeline is subjected to very high induced
voltage values. Although the induced voltage waveform
dissipates quickly (less than 1 ms), the metallic structures
is exposed to the electromagnetic corrosion phenomena.
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