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A Generalized Equivalence Method for the
Calculation of Low-Frequency EMI on Pipeline
Networks Considering Polarization Effect

Min-zhou Liu, Member, IEEE, Yan-zhao Xie, Senior Member, IEEE, Yu-ying Wu,
Riccardo Trinchero, Member, IEEE, and Igor Simone Stievano, Senior Member, IEEE

Abstract—Large-scale pipeline networks may be subject to
wide-area and spatially nonuniform external electromagnetic
interference. This paper presents a generalized and efficient
algorithm for the calculation of inductive and conductive coupling
to pipeline networks based on the two-port equivalent circuit.
In the modified transmission line model of the pipeline, the
external inteference are characterized by using only longitudinal
voltage sources. In addition, the nonlinear polarization of coating
breakdown is incorporated into the circuit model of the network.
The linear pipe segments can be independently reduced to the
equivalent-pi circuit with analytical parameters, which enables
model order reduction of the network. Such techniques can
be applied to arbitrary nonuniform excitation fields. Several
test cases are used to illustrate the response characteristics of
pipelines excited by interference with different spatial patterns,
including geomagnetic disturbances and HVDC earth return
currents.

Index Terms—Conductive coupling, equivalent-pi circuit, geo-
magnetic disturbances, HVDC earth return currents, inductive
coupling, polarization effect, transmission line model.

I. INTRODUCTION

IL and gas pipeline networks are subject to various low-

frequency external electromagnetic interference (EMI).
Especially nowadays, pipelines and other energy infrastruc-
tures are built in increasingly confined spaces, such as com-
mon corridors with power lines; thus the pipelines may be
continuously exposed to strong EMI stresses. The resulting
voltage and current responses may accelerate the corrosion
of pipelines and interfere with cathodic protection devices,
etc. Assessing their electromagnetic effects and deploying
cost-effective mitigation measures have long been topics of
interest in engineering practice. Rigorous evaluation of the
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electromagnetic response in the pipeline network is the first
step to support this work.

Low-frequency EMI to pipelines can be electrically classi-
fied into three categories: capacitive, inductive and conductive
[1], [2]. For buried pipelines, the capacitive coupling occurs
only for pipelines exposed during installation or maintenance,
and can generally be ignored during normal operation due to
the shielding effect of the ground. Thus, this paper mainly
focuses on the latter two coupling mechanisms. The inductive
coupling is caused by time-varying magnetic flux generated by
external current sources, e.g., fundamental frequency AC and
harmonic currents in nearby power lines [3]-[7], ionospheric
source currents associated with geomagnetic activity [8]-[13],
etc. The conductive coupling is triggered by the soil potential
rise due to ground fault currents from the power grid [14], [15],
HVDC earth return currents [16]-[21], metro stray currents
[22], etc.

The external electromagnetic environment may have a wide
footprint with spatially nonuniform distribution. For instance,
the currents from the HVDC electrodes can affect pipelines
several kilometers away, and geomagnetic disturbances ini-
tiated by space weather can produce interference on even
continental levels. Moreover, the affected pipeline networks
to be evaluated are usually large-scale and multi-branch.

A. Related Work and Motivation

EMI coupling to buried pipelines can usually be analyzed
by using the transmission line (TL) model with distributed
parameters. Noteworthy here is that the arrangement of the
excitation source is different in the circuits used for inductive
and conductive coupling: the former is in the longitudinal
branch, whereas the latter is in the transverse branch. Taflove
et al. [3] proposed the TL model for the inductive coupling of
pipelines resulting from nearby power lines. The model was
subsequently extended by Boteler and Cookson [8] for geo-
magnetic induction in pipelines. Lagace et al. [16] proposed
the TL model for the conductive interference caused by HVDC
earth return currents.

Analytical solutions for voltage and current responses can
be acquired simply for a single pipeline, however, it is diffi-
cult for networks with complex topology. The nodal voltage
analysis based on discretization of pipelines [1], [15], [19]
usually yields large-scale computational models. In contrast,
the equivalence-based algorithms [3], [9], [10], [12], [23]
become a more efficient scheme.
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Several equivalence methods have been developed specifi-
cally for inductive or conductive coupling to a pipeline. An
equivalent Thévenin circuit is normally adopted for the single-
port equivalence of a pipeline to analyze the inductive coupling
due to AC power lines [3] and geomagnetic disturbances [9].
It usually starts from a pipe located at the edge of the network
and is then performed sequentially according to the network
topology. In addition, an equivalent-pi circuit was proposed for
the two-port equivalence of the pipeline excited by external
electric fields, and the analytical solutions of its parameters
were derived in the cases of uniform [10] and nonuniform [12]
geoelectric field induced by geomagnetic disturbances. The
two-port equivalence can be applied to each single-conductor
pipeline individually, which is more suitable for large-scale
networks.

Some efforts have been made for the unified modeling
of inductive and conductive coupling. Haubrich et al. [23]
presented a universal two-port equivalent model for inductive
and conductive interference through voltage and current trans-
formations. However, it assumes that the electric field along
each pipeline is constant.

Furthermore, the literature on pipeline equivalents men-
tioned above assume the linearity of all elements in the
network while ignoring the nonlinear polarization of coating
breakdown [24]. The results given by Li et al [20], [21]
show that the neglect of nonlinear polarization can result in
rather conservative estimates of the responses for the analysis
of HVDC earth return currents, which implies uneconomic
mitigation measures.

B. Our Contributions

To address the above issues, this paper proposes a more
general modeling and equivalence technique for the EMI
analysis of large-scale pipeline networks. The novel algorithm
has the following advantages:

1) The modified TL model of the pipeline is capable of
handling the inductive or conductive EMI as well as the
co-existence of both, which are characterized as only
single longitudinal voltage source in terms of electric
fields.

2) The pipeline network is divided into linear pipe seg-
ments and nonlinear grounded branches due to locally
damaged coatings. The linear pipe segment excited
by electric fields can be reduced to an equivalent-pi
circuit. It is applicable to arbitrary nonuniform electric
fields without necessarily being constant or in a specific
function form.

3) The nodal voltage analysis can be performed more effi-
ciently for large-scale pipeline networks with nonlinear
polarization, given each linear pipeline segment has
been simplified as a lumped circuit, thus considerably
reducing the model order of the system of nonlinear
equations to be solved.

The rest of this paper is organized as follows. Section II
discusses the generalized TL model of a pipeline for inductive
and conductive EMI analysis. Section III details the proposed
algorithm to solve the voltage and current responses of a

Eind (X)dX

1(x) Zdx 7O+ |(x=+ dx)o
+ +
V(X) Ydx H V (X +dx)
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Fig. 1. Equivalent TL circuit of a pipeline affected by inductive interference.

pipeline network considering nonlinear polarization effect. In
Section IV, the proposed algorithm is validated with field test
results. Then, Section V presents several illustrative pipeline
network cases subjected to the geomagnetic disturbances and
HVDC earth return currents, as typical examples of inductive
and conductive interference, respectively. Finally, Section VI
concludes the paper.

II. GENERALIZED MODELING OF A PIPELINE FOR
INDUCTIVE AND CONDUCTIVE COUPLING

A. Inductive Coupling Model of Pipeline

The cause of inductive coupling is the magnetic coupling
of external source currents to the pipe. It thus induces electric
fields according to Faraday’s law of induction, which in turn
drive stray currents in the pipe.

Let us assume that the pipe is along the z-axis, then a single
cell equivalent structure of a pipe excited by electric fields
is depicted in Fig. 1. The remote earth at infinite depth is
taken as the potential reference point. The voltage of the metal
tube to the remote earth is denoted as V' and the longitudinal
current along the pipeline is I. The tangential electric field
at location z induced by the external source current along
the pipeline is denoted as E'™(x), which can be modeled as
distributed voltage sources in the longitudinal branch of the
circuit. Accordingly, the TL equations for inductive coupling
can be written as [3]

dv(z) _ gpind
di(x) _

where Z and Y are the per-unit-length longitudinal impedance
and transverse admittance, respectively. The transverse admit-
tance Y is contributed by both the coating and the soil [16],
and the former is usually much lower than the latter for well-
insulated pipes.

B. Conductive Coupling Model of Pipeline

The conductive EMI is generated by the soil potential dif-
ference along the pipeline due to external grounding currents.
It can also be modeled based on TL theory, as shown in the
top panel of Fig. 2.

In the original TL circuit model, the remote earth at infinity
depth is taken as the potential reference point. The coating can
be considered as a branch with a large resistance between the
soil and the metal tube. The soil potential rise at location x
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Fig. 2. Original (top) and modified (bottom) TL circuit models of a pipeline
affected by conductive interference.

along the pipeline due to the external earthing current, namely
the excitation voltage V*¢(z), can be modeled as a transverse
voltage source in the circuit. The voltage of the metal side of
the coating to the remote earth is denoted as V' (z). Thus, the
TL equations for the conductive coupling are given by [16]

WVIT) L 212) =0 3)
dz
dI(x) [,

We can find that for inductive and conductive coupling, the
voltage source is placed on the longitudinal and transverse
branches in the original TL circuit, respectively. Correspond-
ingly, the source term is imposed in the first and second TL
equation, respectively.

The original TL equations are about the voltage V' (z) of
the metal side to the remote earth. We can treat the excitation
voltage on the soil side of the coating as local earth. Then,
the voltage V() can be decomposed into two parts as in (5),
namely, the scattered voltage V**(x) on the metal side to local
earth, and the excitation voltage V¢(x) to remote earth. In
this case, the excitation voltages are created by the external
source currents, whereas the scattered voltages [25] are created
by other currents and charges in the pipeline and the ground.

Viz) = V() + V() (5)

Moreover, the tangential electric field E(x) along the
pipe generated by the external earthing current can be ex-
pressed as a negative gradient of the excitation voltage:

_ dVeXC (:L,)

EC(}H (JU) — dx

(6)

Substituting (5) and (6) into the original TL equations (3)-
(4), the modified TL equations about the scattered voltage

E™ (x)dx
-/ N\*

1(x) Zdx

I (x+dx)

+ +

V(X) V(X +dx)
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Fig. 3. Original (top) and modified (bottom) TL circuit models of a pipeline
affected by both inductive and conductive interference.

Vs (x) can be derived as

dVSCa (.’I;)

— T 2l(@) = B (x) (7)
dI(I) sca -
g PYV@) =0 (8)

We can find that the modified TL equations (7)-(8) for
conductive coupling have the same form as those for inductive
coupling in (1)-(2), which yields a modified circuit as depicted
in the bottom panel of Fig. 2.

In addition, the original TL model of capacitive coupling
[5], although not discussed in detail in this paper, is similar to
that of conductive coupling. Thus, the circuit transformation
in this subsection is also applicable to the capacitive coupling.

C. Pipeline Affected by Both Inductive and Conductive EMI

Pipelines may be subject to both inductive and conductive
EMI in some scenarios. For instance, an AC power line
may have a ground fault near the pipe [14], [15], or geo-
magnetic disturbances and HVDC earth return currents may
occur simultaneously [26]. Thus, the sources are present both
longitudinally and transversely in the original circuit model,
as shown in the top panel of Fig. 3. Correspondingly, both TL
equations are imposed with the source term:

dV(z) __ rind
%(5) Y V() = YV (2) (10)

In this case, the voltage and current responses of the pipe
are contributed by both the induced electric field £ in the
pipe and the soil potential rise V. We can use the total
exciting electric field E tangential to the pipe, which is the
sum of the inductive part £ and the conductive part E":

dVeXC (l.)

E(:c) = Eind(x) + Econ(x) _ Eind(x) oy \M)

dzr (in
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Fig. 4. Equivalent-pi circuit of a pipeline excited by external electric fields.

It allows us to obtain the modified TL equations about the
scattered voltages, which are defined in (5), as follows:

AV (z) B
dI(SL’) sca _

The above equations can be regarded as a general form of
(1)-(2) for the inductive coupling and (7)-(8) for the conductive
coupling analysis. For purely inductive coupling, we have
V(z) = V**(z). In summary, by modifying the TL model,
the excitation is unified as the only longitudinal voltage source
in terms of the electric fields. This transformation is applied
to arbitrary spatially nonuniform induced fields £ and soil
excitation potential V**. Furthermore, the simplified equiva-
lent method proposed in our earlier work [12] for inductive
coupling of pipelines can be extended to the analysis of other
types of EMIL.

In addition, the modified TL equations (12)-(13) are about
the scattered voltages V*?(z), which is proportional to the
leakage current density i'**(z) and pipe-to-soil potential (PSP)
VPP(z) as in (14)-(15). For well-insulated pipelines, i.e. when
the resistivity of the coating is far larger than that of the soil,
the approximation VPP (z) ~ V*%(x) is generally considered
valid. Thus, V*%(z) is more concerned in engineering practice
compared to the total voltage V' (z) to the remote earth in the
original TL equations (9)-(10).

Jeak, Y V¥(x)
) = (14)
YRR () = ey (15)

coat

where r and Y.,y are the outer radius and transverse admit-
tance of the insulation coating, respectively.

ITI. THEORETICAL MODEL OF ELECTROMAGNETIC
COUPLING TO PIPELINE NETWORKS

Realistic pipelines may form a multi-branch interconnected
network, and their interactions need to be considered. In
addition, nonlinear polarization occurs between the metal and
the soil at coating defects, which is also required to be included
into the circuit of the pipe network. In this section, the nodal
voltage analysis is used to evaluate the voltage and current
responses of a pipeline network affected by EMI.

A. Equivalent-Pi Circuit for Linear Pipe Segments

The distributed TL model of each linear homogeneous pipe
segment can be reduced to a lumped circuit with symmetric
admittance parameters. Consider a pipeline with two terminal
nodes ¢ and k, which is excited by the external tangential
electric field E(x) as described in (12)-(13). For such an
active two-port circuit, the relationship between the voltages
and currents of the two ports can be reproduced by using an
equivalent-pi circuit, where the effect of the external electric
field is characterized by two lumped current sources at the
ports, as shown in Fig. 4. The analytical solution of the
parameters of the equivalent-pi circuit can be obtained by
(16a)-(16d), and the derivation is detailed in our earlier work
[12].

1

Yik = ZCTh(’YL) (16a)
1 ~L
L U h 1
Yiko = Yio = 7= tan (—2 ) (16b)
B -1 k
Jik = ZCTh(’YL)/O cosh [y(L — z)] E(z)dz  (16c)
1 L
PR SR LN |
= G [, cohGn) Bade a6

where v = \/ZY is the propagation constant, Z¢ = \/Z/Y is
the characteristic impedance, and L is the length of the pipe.

Compared to the single-port Thévenin equivalent circuit
[3], [9], the equivalent-pi circuit has the advantage that it
can be performed for each single-conductor pipe individually
according to its own TL parameters and tangential exciting
electric field.

Moreover, the equivalent structure can be easily established
in circuit simulation software for an intact pipeline, rather than
manual segmentation of the distributed circuits [15]. If the
pipeline is electrically short at the frequency of the incident
field, a single lumped cell is adequate. Otherwise the usual
options are (i) using the cascade connection of basic cells
or (ii) relying on advanced macromodeling tools allowing to
generate black-box behavioral models defined by mathematical
relations [27].

In addition, it is also applicable to pipeline with some
nonlinear grounded branches, e.g., on the coating defects. In
this case, the pipeline can be simply divided into several
segments at these defect nodes, and each segment can be
reduced to an equivalent-pi circuit separately.

B. Nonlinear Polarization of Coating Breakdown

The insulation coating is added between the metal tube and
the soil in the intact pipe segments. However, the coating may
be damaged due to mechanical collision during the transport
and burial process, as well as insulation aging.

The schematic diagram of the coating breakdown is depicted
in Fig. 5(a). The damaged part is generally small, with a
radius of several centimeters. Thus, each damaged part can
be considered as a discrete node in the circuit [18]. For the
breakdown node [, its influence on the pipe can be modeled as
an additional grounded branch, as shown in Fig. 5(b), which
includes contributions from the interface and the soil.
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Fig. 5. Coating breakdown considering polarization effect at the interface.
(a) Schematic diagram of the cross-section of the damaged part of the pipe;
(b) Equivalent circuit of the breakdown node [, where y;;/ is the linear soil
conductance, Vll,)01 is the polarization voltage, and I}’,d is the leakage current.

At the interface where the coating is damaged, polarization
effects occur due to the electrochemical reaction between the
metal and the soil. An auxiliary node !’ is added to describe
it in the circuit. The potential difference across the interface,
namely the polarization voltage V', is related to the leakage
current density i°*. Their relationship is usually nonlinear
and can be obtained through electrochemical tests. For EMI
calculation of pipelines, the piecewise interpolation method
[19] or the Butler-Volmer model in (17) [20], [21], [24] can
be used to fit the test data.

pol pol pol pol
‘/2 ’ - ‘/;2011’ ‘/vl ’ - ‘/COIT
Pa Be

where the corrosion electrochemical parameters ¢, VC‘(’)?%7 Ba, Be
are the exchange current density, the natural corrosion po-
tential, and the Tafel slope of the anode reaction and of the
cathode reaction, respectively. They can be obtained by elec-
trochemical tests. These parameters vary with the resistivity
and pH value of the soil [21].

Assuming that the current is uniformly distributed at a
breakdown node, then the polarization effect at the interface
can be modeled as a nonlinear voltage-controlled current
source. For instance, if the Butler-Volmer model is adopted,
the leakage current I7® of node I’ can be determined by

Y= g(V) = § - i
vl — v
B
where S is the area of the damaged coating.

In addition, the linear admittance of the soil outside a defect
depends on the soil parameters and the area of damaged part.
It can be calculated by (19) for the analysis of DC or quasi-
DC interference [18]. For higher frequency interference, more

general equations for calculating the ground-return admittance
can be found in [28]-[30].

Z-leak _

io[exp( ) —exp(— )] (17)

Vi v (8)

5 )

=S -ig[exp( ) — exp(—

B 408
M= d+ V7S

where o is the soil conductivity and d is the coating thickness.

19)

C. Nodal Voltage Analysis of the Pipeline Network

The nodal voltage analysis is performed for the electromag-
netic coupling analysis of the pipeline network, which contains

ylm = yml Jml

yImO ymIO V"S]ca

i Additional grounded

i branch due to coating

i breakdown

Fig. 6. Schematic diagram of the circuit model of a illustrative pipeline
network considering nonlinear polarization at breakdown node I.

linear pipe segments and coating breakdown with nonlinear
polarization. As for node sets, My is the set of normal nodes,
including terminals, bends, and junctions, Nyq is the set of
breakdown nodes, and N is the set of auxiliary breakdown
nodes. The cardinal numbers of these node sets are denoted
as n1 = [Nomi| and ng = [Npa| = [NViy|- Thus, the set of full
nodes in the network is denoted as N' = Nymi U Npa U Ny,
and the total number of nodes is n = ni + 2ns.

A demonstrative example of the pipeline network is depicted
in Fig. 6. The original pipeline network consists of four nor-
mal nodes {h, i, k,m} and three pipes {(h, k), (i, k), (k,m)}.
Assume there exists a breakdown point [ on the pipe (k,m),
then the pipe can be divided into two segments (k,!) and
(I,m). Meanwhile, an additional grounded branch, including
an auxiliary node ', is added at node .

The equivalent-pi circuit can be established for each pipe
segment according to (16a)-(16d). The current sources in
the equivalent-pi circuit of each segment due to the external
electric fields are integrated in the (n1 4+ ng) x 1 nodal current
injection vector J for the node sets Ny and Npq as

Ji = Z ik

kEN(i)

(20)

where N (i) the set of all neighboring nodes that are directly
connected to node <.

Then the voltage equation can be formulated for each node.
For the normal node i € Ny, according to Kirchhoff’s current
law, we can obtain

D (Vi = Vi) +yano Vi) = Ji
KEN ()

2n

Similarly, for the breakdown node | € Npq, one can get

Z [ylk(‘/lsca _ V]sca) + ylkowsca}

kEN (1), k£l (22)
g (VP = VP =y
For the auxiliary node I € MY, one can get
yll'(Vlsca _ ‘/21,301) — Ib,d — g(vvll/)ol) (23)

The variables to be solved include the (n1+n2) X 1 scattered
voltages V* and the ny x 1 polarization voltages VP!, They
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can be collectively denoted as the n x 1 full-node voltages V.
To sum up, the voltage equations (21)-(23) for all n node§ can
be expressed in a compact matrix form with respect to V:

3 init; J V v
£(V) := YNV ¢ |:Ibd] =0, where V = {Vpol] (24)

Yt is the n x n initial admittance matrix ignoring the
grounded branch of the auxiliary breakdown nodes A,. The
diagonal entries of Y™, which depend on the node type, are
given as

Vi =" (yik + viko), if i € Nom (25
kEN (i)
Vi =yw+ > (s t+umo), ifl€Nw (26)
kEN (1), k£l
Vit — g, if ' e Ny (27)
and the off-diagonal entries are given as

. —vyik, fkeEN@E)ANkF#1
0, ifkg NO) Nk #1

I® is the ny x 1 earthing current of the node set A, and its

I'-th entry I} depends on the polarization voltage Vl'fOl as in
(18).

D. Solving Nodal Voltages via Newton-Raphson Method

The nodal voltage equation (24) has no closed-form solution
in the presence of the nonlinear term I?Y. Such a set of nonlin-
ear algebraic equations can be solved by numerical methods
such as Newton-Raphson iteration [31]. The nodal voltages \Y%
iterates from the initial guess and gradually converges to the
exact solution.

One possible method to determine the initial guess of the
nodal voltages VO s by neglecting the leakage currents at the
breakdown nodes as in (29). Alternatively, a different initial
guess of nodal voltages can be obtained by replacing the
controlled voltage source with other linear admittance.

yinitey7(0) [J} (29
0
where 0 is a ny X 1 zero vector.

Then, the nodal voltages can then be continuously corrected
according to the mismatch in (24). At step k, the nodal
voltages iterates in the following format:

YRAVH = _g(vh)

vkt k) 4 A\?(k)} (k=0,1,2,...)  (30)

where Y is the n X n Jacobian matrix, which consists of
the first-order partial derivatives of the functions in (24) with

respect to the nodal voltages:
Y = af(y> 3D

ov

It can be found that the Jacobian matrix Y is actually the
nodal admittance matrix containing the dynamic conductance
of the grounded branch of the auxiliary breakdown nodes.
Thus, the Jacobian matrix Y *) at the k-th iteration can be

obtained by small corrections to the initial admittance matrix
Ynit; the diagonal entries corresponding to the auxiliary nodes

vq eeds be updated as in (32) if the Butler-Volmer equation
(17) is used to characterized the polarization effect, whereas
other entries in the matrix remain unchanged.

o dg(Vy

Y}%C/) _ Y?/rlu/t + i(f/l )
14 %/:‘7[(}-)
. 1 VR ypl 32)
=YL S o[ — exp(HL—
1+ ol oY)
1 vy
+ ﬂ*exp(— l 3 =), W' € Nig

The nodal voltages are considered to have converged if the
following criterion is satisfied:

[E(V#) || = max|f;(V*?)| < e (33)

where ¢ is the tolerance error of the mismatch.

E. Voltages and Currents Along Intact Pipe Segments

Once the nodal scattered voltages are obtained, we can
further calculate the responses along the pipeline of interest.
The voltages and currents along the pipe (¢, k) can be solved
from the terminal voltages V;*** and V;***:

I(z)=[A4 P(z)] e " + [B+ Q(x)] ™™ (34)
Vi) = Zo {[A+ P(z)]e " — [B+ Q(x)] "} (35)

where
A= %(Viscae'yL _ ksca) _ ]ék (36a)
Yik yrsca_—~L sca ]15 —vL

BZ?(‘/; e T — k)‘i’?@’y (36b)

1 x
P(z) = e e E(€)dE (36¢)

0

1 L

Qle) = 35 e T E(6)dE (36d)

where y;, jﬁ; and j /5 are the parameters of the equivalent-pi
circuit for pipe (i, k) in Section III-A.

F. Procedure for EMI Calculation of Pipeline Network

The procedures for calculating the electromagnetic coupling
to the pipeline network are summarized in Algorithm 1. Some
preprocessing is required to obtain the inputs before starting
the algorithm. Firstly, the spatial distribution of the external
exciting electric field needs to be simulated by using the source
currents and earth resistivity structure, etc [12], [13]. Secondly,
the breakdown nodes and auxiliary nodes are added for each
pipeline, which can be determined by coating defect detector
[18] or related engineering experience [21]. Thus, it yields a
new graph G = (N, &) for the pipe network, where A is a
set of full nodes and £ is a set of all pipe segments.
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Algorithm 1: Electromagnetic Coupling to Pipeline
Networks Considering Nonlinear Polarization Effects

Data: A pipeline network G = (N, £) with topology
and nodal coordinates; TL parameters of each
pipeline; polarization characteristics of coating
breakdown; spatial distribution of exciting
electric field; tolerable error £ and maximum
iteration N, for Newton-Raphson method.

Result: PSPs and currents along the pipes of interest.

1 for (i,k) in € do

Calculate the parameters of equivalent-pi circuit for

pipeline (¢, k) using (16a)-(16d);

3 end

4 Make the nodal current injection vector J via (20) and
initial network admittance matrix Y™ via (25)-(28);

5 Obtain the initial guess of full-node voltages V(%) in
the pipeline network by solving (29);

6 Initialize counter k <— 0 for Newton-Raphson iteration;

7 repeat

8 Initialize the Jacobian matrix Y (*) « yinit,

9 | for ! in NV}, do

10 ‘ Update Ylgf,) using VZS’“) as in (32);

11 end

12 Calculate the updated voltages V=D via (30);

13 Increment iteration counter step k <— k + 1;

14 if £ > Njer then

15 The Newton-Raphson algorithm does not

converge. Re-select the initial guess of nodal

voltages V(© and goto line 6;

(]

16 end

17 until [[F(V®)||, <&

18 Extract V5 and VP! from V(k);

19 for (i,k) in £ do

20 Calculate the longitudinal currents and scattered
voltages along the intact pipe segment (i, k) using
Ve and Vi as in (34)-(35);

21 Calculate the leakage current density and PSP
along the pipe (i, k) using the scattered voltages
via (14)-(15);

22 end

23 for " in Ny do

24 Calculate the leakage current density at the
breakdown node !’ using V}?Ol as in (17);

25 end

IV. MODEL VALIDATION

The proposed equivalence method for pipelines has been
verified in [12] in the case of inductive EMI caused by
geomagnetic disturbances. This paper further illustrates its
validity for conductive coupling analysis.

The authors of [17] carried out a field test of the interference
of DC current sources on a short buried pipeline, as depicted
in Fig. 7. The length of the pipeline is 39.3 m, and the buried
depth is 0.8 m. The outer diameter of the steel tube is 200 mm,
and its wall thickness is 5 mm. The steel resistivity is 1.75 x

45m _Current injection point
° 7 [
Current return point &
Pipeline  O(M1) M2" M3 M4
Q e >
19.7m 48m 55m 47m 4.6m

Fig. 7. Schematic diagram of the field test of a short pipeline [17].

TABLE I
TWO-LAYER HORIZONTAL SOIL RESISTIVITY STRUCTURE [17]

Layer Resistivity (2-m) Thickness (m)
1 31 2.5
2 79 o0
5 T T T T T T T
——— Calculated (origina TL model)
0 — = = Calculated (proposed model) 4
A  Measured /
5F J
S
n -10F
£
-15F
-20 F A
-25

20 -15 10 5 0 5 10 15 20
Coordinate aong the pipeline (m)

Fig. 8. Comparison of calculated and measured PSPs along the pipeline.

10~7 Q-m. The steel tube is wrapped with 3PE insulation
coating. Its thickness is 3 mm and its resistivity is 3.33 x
107 Q-m. The insulation coating is intact along the pipe. The
left and right ends of the pipe were respectively connected to
a vertical grounding rod with a length of 1.5 m and a diameter
of 10 mm. Four potential measurement points were arranged
along the pipe, including M1, M2, M3 and M4. The point
M1 was taken as the origin. The 1D layered soil resistivity
structure, as shown in Table I, was measured by the Wenner
method.

The PSPs along the pipeline are calculated using the pro-
posed model and the classical model, which are compared
with the measured data, as depicted in Fig. 8. It is worth
noting that in this paper, PSP is defined by subtracting the
outer soil potential from the inner metal potential of the
coating, whereas [17] takes the opposite reference direction.
Besides, the slight asymmetry of potential distribution along
the pipeline is affected by the current return point. In the
proposed model, the pipeline is reduced to an equivalent-pi
circuit. Thus, the voltage response can be solved based on
a two-node admittance matrix. In contrast, in the classical
model, the pipeline is discretized based on the original TL
equations (3)-(4). Hence, the proposed method enables a
considerable reduction in model size, as shown in Table II. The
results of the two computational models are highly consistent,
and they both agree well with the test data, which validates
the accuracy of the proposed method.
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TABLE II
COMPUTATIONAL PERFORMANCE OF THE CLASSICAL
DISCRETIZATION METHOD AND THE PROPOSED EQUIVALENCE
METHOD FOR THE VALIDATION CASE

Number of Size of the Memory of the sparse
um erto coefficient matrix coefficient matrix (kB)
segments Classical Proposed | Classical ~ Proposed
500 501x501 2x2 27.38 0.0859
1000 1001x1001 2x2 54.72 0.0859
2000 2001x2001 2x2 109.41 0.0859
A North
HVDC electrode ® ¢
£
Pl Pipeline 0 = P2
Ea
100 km 100 km ast

Fig. 9. Schematic diagram of a simulation case including a long pipeline and
a HVDC grounding electrode.

V. APPLICATION STUDY

In this section, the proposed computational model is applied
to the EMI analysis of long pipelines and interconnected
networks. First we analyze the response of a pipeline to typical
conductive and inductive interference, including HVDC earth
return currents and geomagnetic disturbances. We then analyze
the influence of the coating breakdown and illustrate the
significance of the polarization effects.

A. Response of the Intact Pipeline to HVDC Earth Return
Currents and Geomagnetic Disturbances

Let us consider a more realistic 200 km pipeline as shown
in Fig. 9. The outer diameter of the steel tube is 1016 mm,
and its wall thickness is 12 mm [20]. The steel resistivity is
1.75 x 10~7 Q-m. The coating has a thickness of 3 mm and a
resistivity of 3.33 x 107 Q-m. In this subsection, the coating
is assumed to be intact. The pipeline is buried in a 100 2-m
homogeneous earth at a depth of 1.5 m. A discussion on the
response of pipelines in spatially heterogeneous soils can be
found in [12].

The first type interference is caused by a nearby HVDC
grounding electrode. The electrode is 10 km away from the
midpoint of the pipeline. Its buried depth is 3 m, and the
earthing current is -5 kA. The resulting excitation voltage and
tangential exciting electric field along the pipeline are shown
in Fig. 10. It can be seen that the excitation voltage has a peak
value of -7.96 V at the center of the pipe and that the tangential
electric field reaches a peak of 0.31 V/km at a distance of
7.1 km from the midpoint. The second type interference is
geomagnetic disturbances, which correspond to a uniform 0.1
V/km eastward geoelectric field. The pipeline response to the
two types of disturbances is then calculated separately. The
above is the default simulation configuration in this section
unless otherwise specified.

Fig. 11 compares the PSP, leakage current density, and
longitudinal current along the pipe in the two interference
cases. In the case of interference from the HVDC grounding
electrode, the peak value of PSP is 5.16 V, which appears

2 : : 06 __
—— Excitation voltage E
g ot e Exciting electric field 104 E
(0] o
5_3,2, 102 ©
s | 2
§ D
S 6 1-0.2 g
-8t | ‘ | 1-04 2
-100 -50 0 50 100

Coordinate along the pipeline (km)

Fig. 10. The excitation voltage and tangential exciting electric field along the
pipeline caused by the HVDC earth return currents.
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-100 -50 0 50 100 § -100 -50 0 50 100
Coordinate along the pipeline (km) & Coordinate along the pipeline (km)
@ (b)
<10
© ——— HVDC earth return currents
g /_\_/ ---------- Geomagnetic disturbances
T 0 .
2
k=2
oy
]

--100 -50 0 50 100
Coordinate along the pipeline (km)
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Fig. 11. Pipeline response to HVDC earth return currents and geomagnetic
disturbances. (a) PSP. (b) Leakage current density. (c) Longitudinal current.

at the midpoint of the pipeline. In the case of geomagnetic
disturbances, the peak value of PSP amplitude is 6.82 V,
which appears at the two ends of the pipe. The leakage current
density along the pipe is proportional to the PSP, and its peak
values in the two interference cases are 5.20 x 107> A/m? and
6.87 x 107> A/m?, respectively. The peak of the longitudinal
current is located at the zero crossing point of the PSP.

B. Influence of Nonlinear Polarization Effect

The influence of coating breakdown is analyzed in this sub-
section. The damage points are assumed to be equally spaced
at an interval of 10 km. The area of the damaged coating of
each node is 5 cm?. Based on the electrochemical test data
for the 100 Q-m soil, the fitted Butler-Volmer polarization
equation is given by [20]

?°‘+0.304) e vl 4+ 0.304
Ve +0304, Ve +0304
2.45 P 1,04

The corresponding nonlinear polarization curve is shown in
Fig. 12. When the leakage current density is zero, the interface
of the coating defect works at the natural corrosion potential
-0.304 V. When the leakage current density is in the range

i = 3.66 x [exp( )] (37)



IEEE TRANSACTIONS ON POWER DELIVERY

N
(s}

w
=}
T

N
o
T

=
o
T

o
T

Leakage current density (A/mz)

S
, ©

Polarization potential (V)

Fig. 12. Polarization curve of the pipe steel in 100 2-m soil.
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Fig. 13. Response of the coating defects due to HVDC earth return currents.
(a) PSP of the interface. (b) Leakage current density.
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Fig. 14. Response of the coating defects due to geomagnetic disturbances.
(a) PSP of the interface. (b) Leakage current density.

of 0~0.702 A/m?, the polarization curve is in the second
quadrant, which means it behaves as a negative resistance.

Then, we calculate the polarization voltage and leakage
current density of the coating defects using two calculation
models. In the first model, the polarization effect at the
damaged interface is neglected, and only the external soil
resistance is considered [11]. In the second model, however,
both effects are considered.

The response of the coating defects to the HVDC earth
return currents and geomagnetic disturbances are shown in
Fig. 13 and Fig. 14, respectively. If the polarization effect is
neglected, the PSPs at the interface of the damaged coating
are considered to be zero. In addition, the leakage current
density of the coating defects at the midpoint of the pipe is
overestimated by 22.6% for the HVDC interference; and the
leakage current densities at the left and right ends are overesti-
mated by 46.3% and 22.9% for the geomagnetic disturbances,
respectively. Moreover, the magnitude of the leakage current
density of the coating defects is much higher than that of the
intact coating in Fig. 11(b).
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Fig. 15. Leakage current density induced by geomagnetic disturbances with
respect to the area of the coating defect. (a) Left end of the pipe. (b) Right
end of the pipe.
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Fig. 16. Ratio of the leakage current density induced by geomagnetic
disturbances neglecting and considering the polarization effect with respect
to the area of coating defect.

C. Influence of the Area of Coating Defect

We then discuss the influence of the area of damaged
coating. The area of each coating defect ranges from 5 cm?
to 100 cm?. The total number and distance of the defects are
the same as in the previous subsection. Fig. 15 shows the
leakage current density of the coating defects at the left and
right ends of the pipe due to geomagnetic disturbances. As the
damaged area increases, the leakage current density at both
ends decreases gradually.

In order to indicate the contribution of the polarization effect
more clearly, we further adopt a normalized metric, i.e. the
ratio of the leakage current density of the coating defects
without and with consideration of the polarization effect. Fig.
16 depicts the variation of this ratio with respect to the area
of coating defects. It can be seen that the ratio of leakage
current density at the left and right ends decreases with the
increase of the damaged area and that the polarization effect
has a stronger influence on the current leakage density of the
left end than that of the right end. Moreover, for the coating
defects at the right end, the ratio may be less than 1 when the
damaged area is large, since it works in second quadrant in
Fig. 12 in this case.

D. A Pipeline Network Test Case

Next, the applicability of the proposed method is illustrated
with an interconnected pipeline network with nine nodes and
eight lines, as depicted in Fig. 17. The TL parameters and
nodal coordinates of the pipeline network can be found in
[10], [12]. The network contains a main pipeline “3-4-5-6-7-
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Fig. 17. Spatial distribution of pipeline networks [10], [12] and nonuniform
geoelectric fields [32]. The black arrows show the direction and magnitude
of the geoelectric field. The black number is the node index in the pipeline
network.
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Leakage current density of the coating defects along the main

8” and three branch lines “1-3”, “2-3” and “7-9”. The coating
defects are assumed to be equally spaced at an interval of 10
km on each pipeline. The area of each defect is 5 cm?. The
external nonuniform geoelectric field is caused by the spatially
local enhancement of the geomagnetic variations. The electric
field data are provided in report [32] with a 0.5° x 0.5° grid,
and the values in this paper are scaled to 1% of the original
as a representative level of more frequent moderate and small
geomagnetic disturbances. A finer spatial distribution of the
electric field is obtained by linear interpolation.

Fig. 18 shows the leakage current density along the main
pipeline. It can be seen that the amplitude of the leakage
current density reaches the extreme value at nodes 4 and 5.
Ignoring the polarization effect leads to an overestimation of
the leakage current density by 18.5% and 52.8% at nodes 4
and 5, respectively.

Finally, the computational performance of the classical
discretization method and the proposed equivalence method
is compared using a historical geomagnetic disturbance event.
The geomagnetic data with 1-minute time cadence measured
at Beijing Ming Tombs (BMT) observatory during the event on
July 15-16, 2000 [13] are used as inputs, and the corresponding
number of time instants is 2880. In the classical method, the
pipe between two adjacent coating defects is divided into 100
segments. The algorithms are tested using MATLAB R2019b
software on a desktop with a 3.0 GHz Intel i7-9700 CPU and
8 GB RAM. Table III provides the details of these two calcu-
lation methods, including the size of the system of equations,

TABLE 111
COMPUTATIONAL PERFORMANCE OF THE CLASSICAL DISCRETIZATION
METHOD AND THE PROPOSED EQUIVALENCE METHOD FOR THE
PIPELINE NETWORK TEST CASE

Calculation Size of the Memory of the sparse ~ Computation
methods  coefficient matrix  coefficient matrix (kB) times (s)
Classical 7375%x7375 404.44 132.24
Proposed 148x148 9.21 4.51

memory requirements and computation times. It shows that
the proposed equivalence method can improve computational
performance, especially when fine discretization is required
to capture the complex spatial nonuniform distribution of the
exciting electric field.

VI. CONCLUSION AND FUTURE WORK

This paper proposes a generalized modeling and equivalence
technique for the analysis of EMI on pipeline networks due
to nonuniform fields. The computational model is reduced
through the equivalent-pi circuit. The proposed method is val-
idated by comparison with the classical discretization method
and field tests. Based on the proposed model, we compare the
response of buried pipelines to HVDC earth return currents
and geomagnetic disturbances. In addition, the influence of the
coating breakdown and the polarization effect are analyzed.
The results show that when the damaged area is small, the
leakage current density is relatively large and the influence of
the polarization effect is strong, which needs to be considered
in the corrosion assessment for pipelines.

The proposed method can be extended to other EMI analysis
of pipelines. It can also significantly reduce the computational
burden and help in the optimization of mitigation measures,
where a large number of different configurations need to be
analyzed. Further work is in progress to establish an improved
equivalent circuit model for multi-conductor pipelines.

APPENDIX A
PROOF OF THE MODIFIED TL CIRCUIT IN FIG. 2

For the top panel of Fig. 2, we can obtain the two-port
representation of the original TL circuit model:

V(@) - V(z + dz)] ——

I(z) =] e (38)
Iz +dz) =1(x) — [V(z+dx) — V=(r + dz)] - Ydz
(39

The scattered voltage is defined as the difference between
the voltage of the metal side to the remote earth and the
excitation voltage of the nearby soil:

Vse(z) .=V (x) — VU(x)
Ve (z + dx) :=V(x + dz) — V(2 + dx)

(40)
(41)

Substituting equations (40)-(41) into (38)-(39), the two-port
representation can be rewritten as

1(z) = [V (@) = V<40 + da)]

1
+ [Vexc(x) _ Vexc(x + dl)]m

(42)
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Fig. 19. Modified circuit models of a pipeline affected by the conductive in-
terference. (a) Current source interpretation. (b) Voltage source interpretation.

Iz +dz) =1(x) — V**x +dz) - Ydz (43)

The circuit interpretation of equations (42)-(43) is depicted
in Fig. 19(a), where an equivalent current source is added
to the longitudinal branch of the modified structure. Then,
by converting from Norton to Thévenin equivalent circuit, we
can obtain the voltage source representation as shown in Fig.
19(b).

Using the approximation of a difference operator

dVeXC(x) VeXC(:L. _‘,_ dx) _ VGXC(.,L,)
E(z) := — =— 44
(z) dx dz 44
the voltage source can be rewritten as
VE(z) = V(x + dz) = E"(z)dz (45)

In summary, the top panel of Fig. 2 can be interpreted as
the equivalent circuit in the bottom panel of Fig. 2.

APPENDIX B
PROOF OF THE MODIFIED TL CIRCUIT IN FIG. 3

Similarly, for the top panel of Fig. 3, we can obtain the
two-port representation of the original TL circuit model
. 1
I(z) = [V(2) = V(@ + dz) + E™(2)da] - (46)
Iz +dz)=1I(z) — [V(z+da) — V(z +da)] - Yda
(47
Substituting equations (40)-(41) into (46)-(47), the two-port

representation can be rewritten as

I(z) = V=2 () — V=2 (z + da:)]ﬁ
1

+ [E™ (@)de + V() = VO + da)]

Iz +dz) = I(z) — V**(x +dz) - Ydz

(48)

(49)

[E™ (x)dx +V ™ (X) =V = (x + dx)]L
Zdx
1(x) ( :) 1(x+ dx)
»—0
+ I +
Zdx
V2 (X) Ydx H V& (X + dx)
(; ;2 dx
(a)
E™ (x)dx +V & (X) =V = (X + dX)
1(x) Zdx _O+ I(x=+ dx)o
+ +
V2 (x) Ydx [] V(X +dx)
(; ;?rdx
(b)

Fig. 20. Modified circuit models of a pipeline affected by both inductive and
conductive interference. (a) Current source interpretation. (b) Voltage source
interpretation.

The circuit interpretation of equations (48)-(49) is depicted
in Fig. 20(a), where an equivalent current source is added to
the longitudinal branch, which can be further converted into
the voltage source representation shown in Fig. 20(b).

Given the total exciting electrical field tangential to the
pipeline
dVCXC (x)

dz
Vese(z 4 dz) — Voo () (50)
dx
the voltage source can be rewritten as

EM(z)da + VO (z) = V(2 + dr) = B(z)dx

E(z) : = E™(z) + E®(z) = E™(x) —

_ Eind (.%‘)

(S

To summarize, the top panel of Fig. 3 can be interpreted as
the equivalent circuit in the bottom panel of Fig. 3.

APPENDIX C
HANDLING ADDITIONAL GROUNDED BRANCHES

The pipe node may be connected to the groundbed in
engineering practice. Assuming an additional grounded branch
connects the pipeline node £ to the groundbed. Let us denote
the voltage of the metal side of pipe node k to the remote
earth as V4, and the soil potential rise near node k as V¢,
The soil potential rise of the groundbed is Vlfnd. The grounding
impedance of node k is Zj, and the grounding current is / ,%nd.

For the original circuit model of the grounded branch at
node k as depicted in Fig. 21(a), the voltage of the metal side
of pipe node £ to the remote earth can be written as

Vi = 57, + V™ (52)
Thus, the scattered voltage of node k can be derived as

Vit = Vg, — Vi = I 2 + (VE - V) (53)
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Fig. 21. Circuit models of the additional grounded branch of a pipe node. (a)
Original circuit. (b) Modified circuit using the voltage source interpretation.
(c) Modified circuit using the current source interpretation.

The circuit interpretation of equation (53) is depicted in
Fig. 21(b), where a voltage source is added to characterize
the difference in the excitation voltage between the pipe and
the groundbed. It can be further converted into a current source
shown in Fig. 21(c) with Norton equivalent system, which can
be easily incorporated into the nodal current injection vector in
(20). Especially, if the pipe node k is close to the groundbed,
i.e. their soil potential rises are approximately equal (V¢ ~
ng“d), then the additional current source is zero.
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