Journal of Electrical Engineering and Information Technologies, Vol. 2, No. 2, pp. 89-96 (2017)

Article 140 In print: ISSN 25454250
Received: August 31, 2017 On line: ISSN 2545-4269
Accepted: October 25,2017 UDC: 621.315.013.7:621.643.2-034.14

Original scientific paper

ANALYSIS OF ELECTROMAGNETIC INFLUENCE ON STEEL PIPELINES
FROM THE ELEMENTS OF ELECTRIC POWER SYSTEM*

Blagoja Markovski, Leonid Gréev

Faculty of Electrical Engineering and Information Technologies,
"Ss. Cyril and Methodius" University in Skopje,
Rugjer Boskovic bb, P.O. box 574, 1001 Skopje, Republic of Macedonia
bmarkovski@feit.ukim.edu.mk

A bstract: Power transmission lines often share same corridors with steel pipelines for oil and gas. When
phase to ground fault occurs, high voltages may appear on the pipelines due to different mechanisms of mutual coup-
ling. These voltages propagate at long distances from the fault location, and may pose a serious threat for the safety of
the personnel and integrity of the pipeline. To provide adequate protection, calculation of the mutual coupling is re-
quired during the design stage of systems. Induced voltages are strongly influenced by the disposition of the both
systems, their configuration and characteristics, elements that mutually interact etc. In this paper, we analyze induced
voltages on practical pipeline system. Parametric analysis will show how far interventions on both systems can influ-
ence the induced voltages.
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AHAJIN3A HA EJIEKTPOMATHETHUMTE BJIIMJAHUJA O/l EJIEMEHTH HA
EJEKTPOEHEPTETCKUOT CUCTEM BP3 YEJIMYHUTE NEBKOBO/ 1

A mcTpak T I[eBKOBOJHHTE CHCTEMH 3a HadTa M rac 4eCTONaTH BIETYBaaT BO 30HATA HA BIMjaHHE O]
CJIEMEHTH Ha €JIEKTPOCHEPreTCKHOT cUcTeM. Bo cily4aj Ha 103eMeH CII0j Ha €HePreTCKH BOJI MOXKAT JIa ce HHAYLMpaar
BHCOKH HallOHH Ha IIEBKOBOJIOT KaKO pe3yJITaT Ha pa3iniHi MEXaHU3MHU Ha MeryceOHa nHtepakiuja. [Topanu nodpara
CJICKTPUYHA H30JIallija Ha L[EBKOBOJMTE, OBHE HAIOHH CE MPOCTHPAAT HA TojeMa OJNAJICYEHOCT OJ] MECTOTO Ha
JI03EMEH CIOj, @ MOXKAT Ja Pe3yATHPAAT CO €IEKTPUUCH yAap BP3 JIy[€TO KOU CE BO KOHTAKT CO JOCTAIHU JEJIOBH Ha
LIEBKOBOJIOT, Jla MPEAN3BUKAAT OIITETYBake Ha MPUKITyYeHaTa eJIeKTPUYHA ONpeMa U HapyIIyBambe Ha HHTErPUTETOT
Ha neBkoBoznoT. Co men ga ce 06e30enaT COOABETHM 3alUTHTHU MEPKU, HEONXOAHA € aHalM3a Ha MeryceOHHTe
BJIMjaHHWja yIITe BO (ha3aTa Ha MPOSKTUPAhE HA OBHE CUCTeMH. MHAynMpaHuTe HAIOHYU BO rojieMa Mepa 3aBHCaT O]
QIICTIO3MIIMjaTa Ha IBaTa CUCTeMa, HUBHATa KOH(UTYpaIlija i KapaKTepUCTUKH, OJ1 MeI'yceOHaTa HHTepaKIrja Ha eye-
MEHTHUTE OJ1 JBaTa cUcTeMa UTH. Bo 0BOj TpyX € M3BpIlCHA aHaNN3a Ha MHAYLHPAaHA HAIIOHH Ha LIEBKOBO/| OasupaHa
Ha MpaKTUYHA cuTyalmja. [Ipeky cuMymamuja ce mokaxka Bo KOJIKaBa Mepa IIPOMEHHUTE BO KOH(QUTypalijaTta Ha ABaTta
CHCTEMa BJIMjaaT BP3 HHIYLHPAHUTE HATIOHH.

Kiy4nu 360poBu: elleKTpOMarHeTHU BIIjaHHW]ja; rac; HadTa; IeBKOBOJ, 6e30e1HOCT

INTRODUCTION may have negative consequences on the integrity

and safety of both systems, as a result of corrosive

The increasing number and density of electric influences or electromagnetic induction. Coupling

power transmission lines and steel pipelines, results mechanisms of the elements of electric power sys-

with frequent approaching or crossing of these sys- tem with underground steel pipelines can be divided
tems and their mutual interaction. This interaction to inductive and conductive [1], [2].

* Extended version of the manuscript published in the Proceedings of the 10" MAKO CIGRE Conference, Ohrid, September 24-26, 2017
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Inductive coupling is related to the AC mag-
netic field generated by electric power transmission
lines that interacts with the steel pipe, inducing elec-
tromotive forces on the pipe in the zones of influ-
ence. Magnitude of induced voltages due to induc-
tive coupling depends on the currents, the length of
parallelism and distance between electric power
transmission line and pipeline. In most severe case
of earth fault in system with solidly earthed neutral,
voltages between pipeline and surrounding earth
can reach magnitudes of several kilovolts. Several
tens of volts can also be induced in steady state con-
ditions as result of the geometrical asymmetry of
phase conductors with respect to the pipeline.

Fault currents discharged through grounded
structures, such as grounding systems of electric
substations, tower grounding electrodes or earth
continuity conductors, are source of ground poten-
tial rise (GPR) in their surroundings. Dangerous
voltages between the pipe steel and surrounding
earth may appear when coated steel pipeline, with
potential of reference earth, is passing through
zones of high GPR [3].

Individual influence from one of the coupling
mechanisms, in absence of the others, may be ana-
lyzed using simple models. But when pipeline is
subjected to simultaneous influence from different
coupling mechanisms, which is the most common
case, safety analysis becomes very extensive and
complex. Induced potentials from different sources
are variable by intensity and phase along the pipe-
line, and strongly depend on the fault location and
distribution of fault currents the electric power sys-
tem. Therefore safety analyses require simultaneous
consideration of all coupling mechanisms, for dif-
ferent fault locations, and from all elements of the
electric power transmission system that interact
with the pipeline.

This paper analyzes electromagnetic induction
on underground steel pipeline from faulted electric
transmission line. Strong simultaneous influence
from conductive and inductive coupling mecha-
nisms results with induced voltages between the
pipe and surrounding earth, so called coating stress
voltages, in order of few kV. Safety limits for pro-
tection of the coating, connected equipment and
people that may be in contact with exposed metallic
parts are significantly exceeded.

Software developed by the authors, enables to
analyze the simultaneous influences, to identify
most significant sources of influence and locations
with hazardous induced voltages on the pipeline,
and analyze the effects of many possible interven-
tions on both systems in order to reduce induced
voltages within safe limits.

DESCRIPTION OF THE ANALYZED SYSTEM

Figure 1 illustrates the elements of the power
system that interact with the pipeline. Two 110 kV
cables, as part of the combined cable-overhead lines
that connect substation S1 with substations S2 and
S3, run parallel to the analyzed pipeline for a dis-
tance of 4 km. The clearance between both systems
varies between 2 and 10 m. Copper earth continuity
conductor is buried between the cables, with one
end bonded to the grounding of substation S1 and
with the other bonded to the grounding at the tran-
sition station, where cable lines continue to double
system overhead line. The double system overhead
line runs parallel to the pipeline for a distance of 2
km, with mutual clearance that varies between 20
and 200 m.

cable section of 110KV lines
51-52 and S1-S3

Cu wire between 110kV cables

— - OVETNEAd section of 110KV lines
— o $1-52 and S1-S3

pipeline

—{}— insulating joint on pipeline

0 tower of 2x110kV transmission line
o tower of 110kV transmission line

Fig. 1. Elements of the power system that interact with the pipeline
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Pipeline is subjected to inductive influences
from the combined 110 kV lines S1-S2, S1-S3,
overhead line S2—-S4 and to the conductive influ-
ences from the grounding system of the electrical
substation S1, copper earth continuity conductor
and tower grounding electrodes of HV transmission
line. The analyzed pipeline section is electrically
separated from the rest of the pipeline system by in-
sulating joints on both ends, to prevent transfer of
induced voltages.

MODEL DESCRIPTION

Induced voltages are analyzed with software
developed by the authors. The software incorporates
complex model that requires precise description of
all elements of the power system acting as source of
influences, and the pipeline under consideration.
Both systems are modeled by equivalent electric cir-
cuits that simultaneously consider all coupling
mechanisms.

Conductors are divided into large number of
short segments with constant characteristics, ex-
pressed by their longitudinal impedances and shunt
admittances. Mutual inductive coupling is expres-
sed by longitudinal induced electromotive forces
(EMF) and ground potential rise through transversal
EMF, using exact electromagnetic method [4]. Rig-
orous evaluation of longitudinal impedance and
transversal admittance, involves numerical solution
of infinite integrals that require large computer re-
sources. To improve the computational efficiency in
analysis of large systems, interpolation in pre-com-
puted tables with discrete number of solutions of the
infinite integrals is used.

The equivalent electric circuits and their ele-
ments are calculated following the theory provided
by [4]-[6], and the model is verified by comparison
with other models based in electromagnetic theory
[7], transmission line theory [8] u and published re-
sults from theoretical and practical studies.

In analysis of earth fault on electric power
transmission line, the model calculates fault current
distribution in all elements of the power system that
are considered as sources of influence. Currents in
the phase conductors, screening conductors and
earth wires are basis for further analysis of inductive
coupling, while the fault currents discharged to
ground through grounded structures are basis for
further analysis of conductive coupling.

As illustrated on Figure 2, although earth fault
appears on the line connecting S1 and S2, the influ-
ences of the other lines that interact with the pipe-
line must also be considered. Depending on the dis-
position of the systems, influences of the other
transmission lines may be significant, as in the case
of the line connecting S1 and S3 that shares the
same corridor with the faulted line connecting S1
and S2 and carries significant portion of the fault
current, or insignificant influence as in the case of
the distant transmission line connecting S2 and S4.
Depending on the fault location, the influence of the
other lines on the pipeline may be reductive (/;; and
Iiws1 have opposite direction left from the fault loca-
tion and portion of the magnetic field is cancelled)
or additive (/3 and /lws1 have same direction right
from the fault location and the corresponding mag-
netic fields add up).
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Fig. 2. Equivalent electric circuit of the elements of the electric power system and the pipeline
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RESULTS FROM CASE STUDY
Analysis of the projected system

The first step of the safety analysis is to calcu-
late the maximum possible induced voltages on the
pipeline that is at design stage, from existing ele-
ments of the electric power system. At this stage,
safety measures are not considered. Maximum volt-
ages that may appear between the pipe and sur-
rounding earth are provided in Figure 3. These volt-
ages represent the coating stress voltages, voltages
applied to connected electronic equipment on the
pipeline, and touch voltages for people in contact
with exposed metallic parts of the pipeline, in most
severe situation of earth fault on the electric power
system. Maximum ground potentials along the pipe-
line are also provided. In the most severe situation,
maximum voltage between the pipe and surround-
ing earth is 3.7 kV. According to [9], the maximum
coating stress voltage for standard insulation of the
pipe is 2 kV. This voltage is well exceeded for a dis-
tance of 1.5 km which is one-third of the pipeline
length. According to [10], coating stress voltages in
the range 3-5 kV may cause arcing through coating
defects and may permanently damage the pipe or the
connected equipment.
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Fig. 3. Maximum coating stress voltage
and ground potential rise

The software enables to identify the most se-
vere fault location. According to Figure 4, it is lo-
cated at distance of 3.75 km from the beginning of
the line connecting S1 and S2, at the transition sta-
tion from cable-to-overhead transmission line. The

software also data provides the fault current distri-
bution in all screening conductors and earthwires, as
illustrated on Figure 4, thus enabling to identify the
fault current paths and the influence from these ele-
ments of the power system. It is important to note
that the maximum voltages on the pipeline occur at
distance of 3 km from the fault location, as illus-
trated on Figure 5.
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Fig. 4. Fault current distribution
in elements of the electric power system
(full line — real value, dashed line — imaginary value)
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Fig. 5. Distribution of induced potentials along pipeline
(full line — real value, dashed line — imaginary value)

Also it is possible to identify the influence of
different groups of elements of the power system.
Figure 6 provides the induced potentials as result of
inductive coupling, transferred potentials on the
pipe as result of conductive coupling, ground poten-
tials along the pipeline, and the cumulative effects
from all coupling mechanisms. All potentials are
provided as complex values, by their real and imag-
inary part, to have better insight of their additive or
reductive effects.
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Fig. 6. Potentials from grounded structures
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Entire length of the pipeline is subjected to
simultaneous cumulative influence from intense in-
ductive and conductive coupling. Induced potentials
due to inductive coupling have their maximum val-
ues at the ends of the pipeline, while high GPR can
be observed around the middle of the pipeline, near
the transition station from cable-to-overhead line.
The copper earth continuity conductor is identified
as most significant source of high GPR.

Identification of most significant sources of in-
fluence may provide guidance on the selection of
safety measures to reduce the induced voltages
within safe levels. Reduction of the high GPR can
be achieved only by intervention on the existing
power transmission line, while to reduce the effects
of the inductive coupling, several interventions will
be considered on the pipeline.

The problem with high GPR at the transition
station of cable-overhead transmission line is well
known [11]. Large portion of the fault current is re-
turned through the cable sheaths due to their strong
inductive coupling with the phase conductors, and
is discharged into the earth through the ground con-
nections at the transition station. In the analyzed
case, significant portion of the fault current is dis-
charged through the bare copper earth continuity
conductor that is connected with the cable sheaths
and earthwires at the transition station. The high
earth potentials are result of the small clearance be-
tween the copper conductor and the pipe, which is
around 2.5 m, and their long parallelism at distance
of around 3.5 km. Since the copper conductor is
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identified as major source of high GPR, the aim of
the first intervention is to reduce the GPR within
safe levels.

RESULTS FROM THE FIRST INTERVENTION
— REDUCTION OF THE HIGH GROUND
POTENTIALS

In this section we analyze the effects of discon-
nection of the copper wire from the ground connec-
tion at the transition station, as possible intervention
to reduce the high ground potentials. Results of this
intervention are illustrated on Figures 7 to 10. The
maximum ground potentials are reduced twice, and
they are within safe levels for the insulation of the
pipeline and the connected equipment. But this dis-
connection results with increase of the inductive
coupling and the ground potentials around the sub-
station S1. As result, induced potentials on the left
side of the pipeline are increased to about 30% com-
pared with the previous case. The induced potentials
on the right side of the pipeline, solely as result of
the inductive coupling with the overhead transmis-
sion line, remain unchanged.

Results indicate that voltages between the pipe
and surrounding soil still exceed the safe levels at
large portion of the pipeline. Therefore additional
interventions are » equired to reduce the inductive
coupling from the transmission line, as a dominant
source of induced voltages.

4000 T T T T T T T T

Maximum coating stress voltages

Maximum earth potential rise along pipeline

3500

3000

2500 -

2000 |-

Potential (V)

1500 |-

1000

500 -

0 05 1 15 2 25 3 35 4 45 5
Paosition along pipeline (km)

Fig. 7. Maximum coating stress voltage and ground potential
rise after the first intervention
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RESULTS FROM THE SECOND
INTERVENTION — REDUCTION OF THE
INDUCTIVE COUPLING

Extensive analyses have shown that reduction
of the induced voltages within safe levels can be
achieved by splitting the pipeline in two electrically
insulated sections using monolithic insulating joint
and use of gradient control wires at the second sec-
tion of the pipeline that is subject of inductive cou-
pling from the overhead lines. To achieve optimal
results, the second section of the pipeline should be
grounded to these gradient control wires at every
300 m through DC decoupling devices. Positions of
the applied protection are illustrated on Figure 11,
and the achieved results are illustrated on Figures 12
to 15.

Additional simpler interventions, like use of
improved coating on the pipeline and use of addi-
tional protection of electrical equipment, at the short
sections where induced voltages slightly exceed
2 kV, should satisfy the safety requirements for the
pipeline and the connected equipment.
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Fig. 11. Positions of applied protection measures
after the second intervention
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Fig. 12. Maximum coating stress voltage and ground potential
rise after the second intervention
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(full line — real value, dashed line — imaginary value) and may provide guidance in their reduction. By ex-
tensive analysis that consider all sources of influ-
. I S R S S (N ence, different fault positions and the impact from

interventions in both systems, reduction of the in-
duced voltages within safe levels has been achieved.

The goal of this paper is to emphasize the com-
plex nature of the electromagnetic influences be-
tween power and pipeline systems, and the im-
portance of this analysis as basis for their further de-
sign and construction. Protection from electromag-
e K netic influences is one segment of the overall pro-
tection of the pipeline and must comply with the
e 1 other protection systems, such as cathodic or light-
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