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ABSTRACT This paper presents a macro-model, which can be used to calculate the lightning-induced
overvoltages (LIOVs) on overhead lines on MATLAB/Simulink platform. First, a macro-model according
to Agrawal’s field-to-line coupling model is derived, in which the distributed equivalent voltage sources due
to the horizontal components of the incident electric fields are lumped at the terminals of the transmission
lines. In order to interface with MATLAB/Simulink, the propagation function of the transmission line is
approximated by a delayed rational function and described by a state-space representation, and Brune’s
synthesis is adopted to model the equivalent multiport equivalent circuit of the transmission line in order to
overcome the passivity violation problem. Combining with the built-in components in MATLAB/Simulink,
the proposed modeling approach is applied to evaluate LIOVs of an overhead lines system, and the influence
of the arrester and ground wire on the LIOVs is discussed in this paper. Furthermore, considering that the
peak values of LIOVs are mainly concerned in the insulation coordination, a simple model for the early time
response is proposed, which can further simplify the procedure. The accuracy of the proposed modeling
method is validated by some examples.

INDEX TERMS Multi-conductor transmission lines, lightning induced overvoltages, Brune’s synthesis,

MATLAB/Simulink.

I. INTRODUCTION

It is essential to estimate the overvoltages of multi-conductor
transmission lines (MTLs) induced by external electromag-
netic (EM) fields [1]. Many methods are available to analyze
this problem [2]-[22]. Among these methods, the full-wave
model is supposed to be the most accurate one [2], because
it is based on the Maxwell’s equations. However, because the
variables are the electric and the magnetic fields, it could not
be directly applied to analyze a complex network composed
of lumped elements, especially when some nonlinear compo-
nents are included [3]. Compared with the full-wave method,
the field-to-line coupling model is an attractive choice due to
its sufficient efficiency and accuracy [4]. It is well known that
the Agrawal’s field-to-line coupling model is one of the most
widespread models used to evaluate the lightning induced
overvoltage (LIOV) of transmission lines. The famous Baum-
Liu-Tesche (BLT) formulation [5] provides a general solution
of the Agrawal’s field-to-line coupling model, however, it is
difficult to treat the nonlinear problems since it is mainly

implemented in the frequency domain [6], [7]. Time domain
finite element method (TDFEM) [3] and finite difference
time domain (FDTD) [8], [9] are two time domain meth-
ods to solve the Agrawal’s filed-to-line coupling model by
using time and spatial discretization schemes, which have
been widely used to evaluate LIOV. Especially, a simple and
fast computer code with only 300 lines written in Matlab
has been developed by Barbosa and Paulino based on finite
difference time domain technique [10], [11], which simplifies
the procedure to evaluate LIOV. On the other hand, lots
of work has been done to develop some circuit simulator
compatible models, because they can be directly integrated
into circuit simulators, such as EMTP-RV, ATP, PSPICE,
MATLAB/Simulink, PSCAD, etc., to analyze the effects pro-
duced by indirect lightning on distributed overhead line net-
works of any complexity in terms of dimensions and variety
of components.

Montaiio et al. proposed a PSPICE compatible model by
dividing the transmission lines into a series of segments and
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the coupling mechanisms are represented by some distributed
sources due to the horizontal components of the incident
electric fields [12]. However, as for a complex power net-
work or a line several kilometers long, a large number of
segments are required to achieve accurate results. It can be
imagined that the implementation procedure is somewhat
complicated, since inserting the distributed sources at the
connection nodes of the segments will result in a tedious
work. Shinh et al. presented a SPICE macro-model for tran-
sient analysis of lossy MTLs in the presence of incident elec-
tromagnetic fields [13]. However, the model is solved in the
mode-domain, as for the nonlinear problems, a phase-domain
model is preferred. In [14], a SPICE compatible multiport
model for MTLs excited by an incident electromagnetic field
is proposed, but it cannot be applied to analyze the lossy trans-
mission lines [14]. As for the calculation of LIOVs of MTLs,
Lightning Induced Voltage (LIV) is a popular circuit solver
compatible method, which has been integrated into ATP soft-
ware through the “MODELS” language [15], [16]. Another
computer code developed by an international collaboration
leading by Rachidi and Nucci, named as LIOV code [17],
has been widely used to analyze the LIOVs of distributed
networks. The early version of the LIOV code was interfaced
with the EMTP 96, whereas a more recent version has been
interfaced with the EMTP-RV [18]. Recently, a model and
numerical solution using the PSCAD platform are proposed,
in which the coupling equations are written in Fortran and
embedded into the power system model to communicate with
the boundaries and the discontinuity points of the MTLs.
In [19] and [20], a method belonging to the analytical cat-
egory, named as Circuit Lightning-Induced Voltage (CiLIV),
is proposed by Maffucci and Miano [21] and is integrated into
SimPowerSystems in MATLAB, in which the transmission
line model is described by its characteristic admittance and
treated by the method in. In [22], a DEPACT-LIOVs macro-
model is proposed and integrated into PSCAD in order to
improve the efficiency. However, this method is not strict in
theory because it is based on an assumption that the incident
electric fields only couple with the lossless sections of the
transmission lines. Moreover, the synthesis method used to
model the frequency dependent networks may result in a
passivity violation problem, i.e., some negative value circuit
elements may appear in the resultant circuit.

The aim of this paper is to develop a circuit model which
can be directly integrated into the circuit simulators with
the built-in models/setups. Firstly, an macro-model of the
Agrawal’s field-to-line coupling model is derived, in which
the distributed equivalent voltage sources due to the hori-
zontal components of the incident electric fields are lumped
at the terminals of the transmission lines. In order to inter-
face with MATLAB/Simulink, the propagation function H is
approximated by the vector fitting (VF) method [23], and then
described by a state-space representation [24]. The MTLs
are modeled as a passive equivalent circuit by means of the
Brune’s synthesis [25], which can overcome the passivity
violation problem. Furthermore, considering that the peak
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values of the LIOVs are mainly concerned in the insulation
coordination, a more simple model for evaluation of the early
time response is proposed, and the procedure of calculating
LIOVs can be further simplified.

This paper is organized as follows. In Section II, a macro-
model for evaluating the Agrawal’s field-to-line coupling
model is derived in detail, and a more simple model used
for evaluating the early time response of LIOVs is proposed
in Section III. In Section IV, some numerical examples are
provided to show the accuracy of the proposed method, and
the influence of the metal oxide arrester (MOA) and ground
wire on LIOVs are discussed. In Section V, some conclusions
are presented.

Il. MACRO-MODEL FOR FIELD-TO-LINE COUPLING
MODEL

Agrawal’s filed-to-line coupling model is one of the simple
and accurate models for calculating LIOVs. The modified
telegrapher’s equation of the lossy MTLs illuminated by the
external fields can be written as

dU’® (x)

+[sLo+Ro + Zg ()] - I (x) = Ex (x)

x (1)
d’dix) +(sCo+Go)- U (x) =0,

where U*(x) and I(x) are the scatter voltage and total current
vector at location x in the complex frequency domain, respec-
tively. Ro, Go, Lo and Cy are the resistance, conductance,
inductance, and capacitance matrices per-unit-length (p.u.l.),
E . (s) is the horizontal incident electric field along the line,
and Zg(s) is the frequency dependent impedance p.u.l. cor-
responding to the skin effect of the conductor and the lossy
ground [26].
The total voltage U(x) is given by

Ux)=U"(x) +U: (), @)

where U,(x) is the voltage due to the vertical component of
the incident electric field E;(x, z), and it is can be evaluated
by

h
U, (x) = _fo E; (x,z) dz. 3)

In order to solve (1), the phasor quantities can be con-
verted into their mode counterparts by a similarity transfor-
mation [4], i.e.,

{U*‘ () = T, US, (x) @

I(x)=Ti, x),
where T, and T; are the similarity transformation matrices

according to the voltage and current vector, respectively.
Substituting (4) into (1) yields

+Zoy Iy (x) = TV E, (x)
A4 )
s
I +Yom U, (x) =0,
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where Zo, = T;'[sLo+Ro+Zg(s)] - T; and Yo, =
Ti_1 (sCo + Go) - T, respectively. The analytical solution
to (5) can be written as

I,(x1)= YCmen(xl)_e—)'mm—M)
x
—|—ch/ e_ym(x’_xl) k
X

1
Im(xz) = YCmUSm(x2)—eiym(x27xl)

X2 ,
— ch/ efym(xZ*x ) .

X1

—

1y (x2)+Y cnU;,(x2)]
T, E, (x’)] dx’
1, (x)+Y cnUs,(x1)]
T, E ()

(6)

e LS e |

where Y¢,, and y,, are the mode characteristic admittance
matrix and mode propagation constant, respectively. x; and xo
are the locations of the near and far end of the lines, respec-
tively. Substituting the inverse transformation of (4) into (6),
the solution to (1) can be obtained and given by

Ix)=Yc -U'(x)) —H@y—x1) - [I(x2)+Yc - U'(x)]
+Yc / HT (x" —x1) - Ex (x") dx’

I(x2) =Yc - U'))—H(xy — x1) - [I(x) + Y¢ - U'(x1)]
X2
—Yc / HT (x2 = x) - Ey (x") dx',
X1

@)

where Yc = T;Yc,T, ' is known as the characteristic
admittance matrix of MTLs, and H (x) = e 7" are called
the propagation functions, in which the propagation constant
can be evaluated by y = /Y 0Zy, and Yo and Z are the shunt
admittance and series impedance matrices p.u.l. of MTLs,
respectively.
By defining two categories of current source, i.e.,
Is(x)) = —H (2 —x1) - [ () + Y - U’ (x2)] ®)
I () = —H (xp —x1) - [I x)) + Y - U (x1)],

which are related to the reflections from the other end and

Ig(x))=Yc / 2HT (" —x1) - Ex (x') dx'
o 9
I () =—-Yc- / HT (xz —x’) -E, (x’) dx/,
X1

which are determined by the external fields, equation (7) can
be rewritten as

{I () =Yc U (x1) + 15 (x1) +1E (x1) (10)

I(x2) =Yc U’ (x2) +1;(x2) +1g (x2).

Ill. EQUIVALENT CIRCUIT FOR EVALUATION OF LIOVS

IN MATLAB/SIMULINK

Without loss of generality, in this section, a three-conductor
transmission lines system is adopted to interpret the modeling
procedure. According to (10), a multiport equivalent circuit
can be modeled and shown in Fig. 1.
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FIGURE 1. Equivalent circuit of the Agrawal’s field-to-line coupling
model. (three-conductor transmission lines system).

A. EQUIVALENT CIRCUIT OF THE PASSIVE SECTION
The passive section in Fig. 1 can be described by the charac-
teristic admittance matrix Y, which is

Yeu Yoz Yeus
Ye=|Yca Ycan Ycos (Yeij=Yejii #J).
Ye3r Ye3z  Yes

(1)

in which all the elements are frequency dependent because
of the consideration of the skin effect and ground
return impedance. From a circuit theory perspective,
the impedance Z;; between node i and ground reference and
Z;; between node i and j can be evaluated by

3
1)) Yoy i=j

Zij (5) = 121: Y (12)
—1Ycy  i#F]

Taking advantage of the VF, Z;; can be approximated by

N, Ny
Zi(s) =Raj+ Y _Zc () + Y Zu (9), (13)

k=1 m=1

where Rg; = lim Z (s), and
* S—>00

Tk
Z = =
T e (14)
Zn (8) = + b
S —Pm S —Pm

in which r¢, pr, r, and ppare the real residue, real pole,
complex residue and complex pole, respectively. r,, and
p;, are the complex conjugates of r,, and p,,. It is well known
that the network shown in Fig. 2 is a simple way to achieve
the equivalent circuit of Z;;.

As for the sub-item impedance Z;(s) in Fig. 2, the values
of Ry and Cy can be evaluated by

Tk 1
Rk =~ Ck = (15)
Pk Tk
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FIGURE 2. Equivalent circuit of Zj;.

and the values of the circuit elements corresponding to Z,,(s)
with complex residues and poles are

1
C, =
m rm—|1-r;; N + N
rmp "mPm
Gn = - +p: +m—i|
" rm+r1;k1|: (pm pm)+ N rnz+r:1
Tm 41
L, =
mP T mPm mP - mPm
pip2 + ZHEEE | (p, 4 py) + it |
—(rmp;"n—l—r;;pm)
R, = .
m :;ﬁ*;;m m:‘n“‘;;m
pipa + PP [ (p,, + py) 4 "eLiin

(16)

From a circuit theory viewpoint, the following necessary
condition must be satisfied in order to achieve a passive
circuit [27]

FmPy + Tpm <0

k %k
FmPm — FmPm < 0,

ry > 0and { a7

i.e., the values of all the circuit elements of Z;(s) and Z,,(s)
must be positive. Sometimes, this condition may not be sat-
isfied and a passivity violation problem would be introduced
although the “macro passivity” can be guaranteed by VF. The
reason is that VF is a mathematical approximation method
which cannot guarantee the “micro passivity” of every sub-
item. In order to address this problem, Brune’s synthesis is
adopted to build the equivalent circuit of Z;; because it can be
bound to achieve a passive circuit. A detailed Brune’s real-
ization can be found in [28], in which a four-step extraction
procedure, also known as “Brune cycle”, is involved and
the passivity of each sub-circuit can be ensured. By means
of Brune’s synthesis, an equivalent circuit according to the
passive section in Fig. 1 can be achieved and it can be built
in MATLAB/Simulink with its built-in R/L/C components.
For the rationality of the article arrangement, example 1 given
in Section V is presented here. All impedances in Fig. 1 are
approximated by (13) with N, = 6 and N,, = 0, and
the values of Ryjj, rijx and pjj i are listed in Table 3 in the
appendix. A. Taking Z;; and Zj; as examples, their equiv-
alent circuits are given in Fig. 13 and Fig. 14, respectively,
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which are also provided in the appendix. A. Accordingly,
the amplitude-frequency and phase-frequency characteristics
are shown in Fig. 15 and Fig. 16, which validates the equiva-
lent circuits.

B. REALIZATION OF Is (x;) AND Is (x5) IN
MATLAB/SIMULINK

In order to obtain an accurate time domain description of
the propagation function H, it is necessary to extract some
time-delay items [29] first. Taking advantage of the similarity
transformation, H can be expressed by [30]

H=TH,T;", (18)

where H,, is the mode-domain propagation function, given
by

H,, = diag [e_y’”‘l, e rm!, e_Vm3l], (19)

where [ is the length of the line. By partitioning 7; in columns
and T ;1 in rows, H can be rewritten as [31]

3
H= Zpie—%ﬂle—”a (20)
i=1
where D; is the product of the ith column of 7; and the ith row
of T ;1, and e~ 7! is a minimum-phase-shift (mps) function.
7; is the time delay associated with the ith mode velocity,
which can be evaluated by [29]

= l + Omps (@) ’ @21
vi (w) w

where v;(w) is the velocity of the ith mode. ¢,s(w) denotes
the mps angle of the magnitude function |H(w)|, which can
be calculated by the method proposed in [29].
By means of VF, H can be approximated by
3 3 Np Qk )

H=)) H; =) ') =L (22)
where Q ; is the kth residue matrix of H corresponding to the
kth pole related to the ith mode, and N}, is the fitting order.

In order to interface with MATLAB/Simulink, the state-
space representation of I(x1) and I(x) are established. Tak-
ing I;(x1) as an example, the first equation in (8) can be
rewritten as

3
L) == I (), (23)
i=1
and each element I ;(x1) can be evaluated by
Sy Qi
L) =) —=— e Ly (1), (24)
i1 S T Pki

where ¢ (x1) = I (x2) + Y¢ - U’ (x2). By means of the
inverse Laplace transformation, (24) can be expressed by the
following state-space representation with retardation, i.e.,

d .
Ex:Ax—i—Bwrgf (t—1)

i (x1,1) = Cx + D -ipr (t — 1),

(25)
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. . T .. .

where x = [is 1 isn,.i] . and the coefficient matri-
P 0,

ces are A = , B = : ,C =
Dn,.i On,.i

[1 1], and D=0. The kth element of matrix A is

Dk.i
Pri = Dk,i , and the matrix I in C is a
Dk,i

3x3 identity matrix. The above state-space representation
can be implemented by using the ““State-Space” component
in MATLAB/Simulink, whose parameters can be set as A, B,
C, and D, and is(xy, t) can be obtained by

3
i (e, 1) == Y i (1, 0), (26)

i=1
In a similar way, the current source isx(x>, ¢) can also be

evaluated.

C. EVALUATION OF Ig (x;) AND Ig (x3)
Equation (9) can be rewritten as

Ig(x))=Yc -Ug(x1) 27)
Ig (x) = -Yc-Ug (x2),
where
Up (x1) = /XZHT (" = x1) - Ex (x) dx’
% (28)

b
Ur () = f ZHT (2 —x') - Ex (x") dx'.

1

Using VF to approximate all the elements of Y with a com-
mon set of poles, i.e., {p1,p2,...... , PNy ). Taking I (x1) as
an example, it can be expressed as (29), and its time domain
counterpart can be expressed as (30) by means of the inverse
Laplace transformation and Eulerian backward difference.

N,

iz (et t) = S ik (51 ), (29)

k=1
where N, is fitting order of Y¢, and

ip(x1, ta) = ek (x1, ta—t)
+di [up(xy, ty) +up(xi, th—1)], (30)

where

ck =[2+ At -pr)/(2 — At - p)]
diy = (At -Ry)/(2— At - py),

in which Ry is the kth residue matrix of Y¢ corresponding to
the kth pole pix and At is the step size.

As for the evaluation of ug(xy, t,) in (30), the following
procedures are implemented. Firstly, a rectangular integration
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is adopted to evaluate (28) by dividing the line into N, seg-
ments corresponding to the number of E, given by

Ny
Ug (x)) = Y H" (4 —x1) - Ex (%) Ax

mN=1 (31)

Up () = ) H' (2 —x) - Ex (xm) Ax,
m=1
where Ax = (x» — x1)/N,. For example, as for a 1km-long
line, it can be equally discretized into 100 segments, i.e., the
length of each segment is 10m. Secondly, in a similar way
to (22), the propagation function H" (x,, — x1) in (31) can be
expressed as (32),

3 Nj QT .
HT X —x1) = Ze—sl’m,i Z +’w’ (32)
S — Pm.k,i

i=1 k=1
where 7, ; is the time delay related to the distance from
X1 to x,,, and Q’:ki is the residue matrix of H (x,, — x1)
corresponding to the kth pole Dm.k.i related to the ith mode.
Finally, substituting (32) into the first formula in (31) and
taking advantage of inverse Laplace transformation, (31) can
be expressed in the time domain, given by

Ny 3 N
up (L) =Y Y ) wEaki (), (33)

m=1 i=1 k=1
where

UE mk,i (X1, In) = Qe iWE m ki (X1, In—1)
+bm,k,i [Ex,m (xia Iy — Tm,i)
+Exm (-xiv In—1— fm,i)] Ax, (34)

in which
ampii = (2+ At Pmii)/(2 = AL - Pi.i)
buki = (8107, )/(2 = At pui).

As for the current ig (xp, t) at the other end, it can be evalu-
ated in a similar way. Considering that ig(x1, ) and ig (x>, 1)
are only determined by the external fields, they can be pre-
calculated first and then imported into MATLAB/Simulink
as current generators for the evaluation of LIOVs.

IV. SIMPLIFIED MODEL FOR EVALUATION OF THE

EARLY TIME RESPONSE OF LIOVS

Considering that the peak values of the LIOVs are mainly
concerned in the insulation coordination, in this section,
a more simple model for the early time response is proposed,
which can be used to evaluate the peak values of LIOVs.

Itis well known that the time delay depends on the length of
lines / and propagation velocity v. As long as the time delay
from one end to the other is longer than the rising time of
LIOVs, the peaks of LIOVs would not be dependent of the
current sources I;(x;) and I3(xp). So it can be concluded that
one could accurately evaluate the peak values of LIOVs with
a simplified circuit shown in Fig. 3, named as “early time
model” in this paper.
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FIGURE 3. The “early time model” for evaluation of the peak of LIOVs
(three conductor transmission lines).

Compared Fig. 3 with Fig. 1, the “early time model” is
more simple, which is suitable for the insulation coordination
of the distributed networks. The accuracy of the “early time
model”” will be illustrated by a comparison with the “‘exact
model” in Section V. Furthermore, the variation of the ris-
ing time of LIOVs with the length of line is shown in the
appendix. B, which indicates how to achieve the effective
length of the line in the “early time model”.

V. SIMULATION AND DISCUSSION

In this section, three examples are provided to demonstrate
the accuracy of the proposed model. As for the description
of the lightning return stroke, Heidler’s functions are adopted
to describe the channel base current [32]. The peak value of
the channel base current is adopted as 35kA and its maximum
time-derivative is 120kA/us. The lightning current is allowed
to decrease with the height while propagating the channel
upward, and the current along the channel can be expressed

by
t_ '/ _ t> /
i(Z,1)=i (O, < )exp (—Z> =
Ve A Ve 35)
P <7 (
i(z’, t) =0 —,
v

c
where v, is the return stroke velocity and is assumed to
be 1.3x108m/s, A is the decay constant which takes into
account the effect of the vertical distribution of charge stored
in the corona sheath of the leader, and subsequently, discharge
during the return stroke phase, and its value has been assumed
to be 2km [33].

A. EXAMPLE 1

In this example, a 1km-long three-phase transmission lines
system is studied. The conductors are placed at different
heights, as shown in Fig. 4. Each conductor is terminated
with a resistance which equals to its characteristic impedance
determined in the absence of the other conductors.

The striking point is considered equidistant from the line
terminations and a distance of 50m from the pole, and
the lightning electromagnetic fields are calculated by the
method in [34]-[37]. In this paper, the radial electric fields
of the observation points far from the lightning striking point
(larger than 100m) over the homogenous lossy ground can
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FIGURE 4. A 35kV three-phase overhead line configuration.

be calculated by the Cooray—Rubinstein formula [34], [35],
while the numerical Sommerfeld integral with an improved
complex integration path [36] or the FDTD method [37] is
used for the observation points located at very closed to
the lightning striking point (smaller than 100m) over the
homogenous or two layer stratified lossy ground. The LIOVs
of the conductors above a lossy ground with different ground
conductivities (0.01S/m and 0.001S/m) are calculated. The
voltages of the terminal and the middle point of phase B
are shown in Fig. 5, while the corresponding results in [3]
are given in the same figure. As can be seen, within the
validity limits, the proposed model provides solutions in good
agreement with TDFEM.

A comparison between the “‘early time model” and exact
mode is carried out, and the corresponding calculated results
are shown in Fig. 6. As can be seen, the early time period
transients voltages are in good agreement which indicates
that the “early time model”” can accurately evaluate the peak
value of LIOVs in a simple way.

B. EXAMPLE 2

In this example, the effect of ground wire on the lightning-
induced voltages of overhead transmission lines is discussed.
The configuration of an overhead lines system with a ground
wire placed on the top of the pole is shown in Fig. 7, and
there are nine poles along the 1km-long line, i.e., the distance
between each pole is 100m. The grounding resistance R, and
the equivalent inductance of the pole L, are adopted as 1582
and 12.6uH, respectively. The corresponding equivalent cir-
cuit is shown in Fig. 8, in which the sub-unit of the equivalent
circuit is same as Fig. 1. Each conductor is terminated with
a resistance equal to its characteristic impedance determined
in the absence of the other conductors.

The induced voltages of phase C and the ground wire are
shown in Fig. 9 while the corresponding results calculated
by TDFEM are given in the same figure. As can be seen,
within an acceptable tolerance, the proposed model provides
solutions in good agreement with TDFEM.

Fig. 10 shows the LIOVs at the midpoint of the three phase
conductors and the ground wire, and the peaks of the LIOVs
with and without ground wire are listed in Table 1. As can be
seen, the presence of the ground wire can reduce the LIOVs
to some extent because of the shielding effect due to the
presence of the ground wire.
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FIGURE 5. Lightning induced voltages at different positions of phase B.
(a) middle point (¢ = 0.01S/m), (b) termination (¢ = 0.01S/m). (c) middle

point (o = 0.0015/m), (d) termination (¢ = 0.001S/m). FIGURE 9. Comparison of voltage induced on phase C and ground wire

between the macro model(dot lines) and TDFEM(solid lines).

C. EXAMPLE 3 lightning. In this example, the influence of MOA on LIOVs
Metal oxide arrester (MOA) has been widely used to reduce is investigated. The parameters of the overhead lines are the
the damage of the overhead transmission lines caused by same as the configuration shown in Fig. 4 and a MOA is
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FIGURE 10. Induced overvoltages on the three-line conductors with
ground wire.

TABLE 1. Peak values of LIOVs with and without ground wire.

without ground with ground

Phase Reduction Ratio

wire(kV) wire(kV)
A 254.2 202.2 20.5%
B 308.5 230.1 25.4%
C 266.1 217.2 18.4%

equipped on phase A in the middle point of the 1-km long line.
MOA exhibits an extremely high resistance during normal
operation and a very low resistance during transient overvolt-
ages [3]. In this paper, the MOA is considered as an nonlinear
resistor whose V-I characteristic can be represented by

146.46 x 103 . 92
u=1{51.97 x 103 . j0-05
51.97 x 103 . {906

OmA <i < 1lmA
ImA <i< 1A (36)
1A < i < 6KA.

The nonlinear resistor can be implemented by the *“Surge
Arrester” component in MATLAB/Simulink. The nonlinear
V-I characteristic of the surge arrester is described by a series
of exponential functions, i.e.,

. 1o\ .
u= (kmu}'Ef/(lref) e ) ll/am’ 37

where i, is the reference current (usually 500 A or 1 kA),
and ur is the protection voltage according to the reference
current. k,, and «,, are the coefficients used to describe the
mth section of the V-I characteristic curve, and m =1, 2, 3 are
related to the small current, the nonlinear and the saturation
region, respectively.

Compared with (36), the relevant parameters k,, and «,,
in (37) can be easily obtained, which are listed in Table 2.
The V-1 characteristic curve of the nonlinear resistance in
MATLAB/Simulink is shown in Fig. 11, while the corre-
sponding curve described by (36) is also given in the same
figure, as can be seen, they are in good agreements.

The LIOVs are evaluated and shown in Fig. 12. As can be
seen, the placement of MOA can limit the voltage of the phase
A effectively. Moreover, the voltages of other phases can also
be reduced in some degree due to the coupling mechanism
between the conductors.
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TABLE 2. Related parameters of “Surge Arrester” in MATLAB/Simulink.

Lrof Upef
1000A 78660V
ki k> ks 25} a a3
7.41 0.933 1 5 20 16.67

1507 Formula(36)

100} | ===== Simulink

501

Voltage (kV)
[=]

.50 L

-100

-150¢ ‘ ‘ ‘ ‘ ‘ E
-6 -4 -2 0 2 4 6
Current (kA)

FIGURE 11. V-I characteristic of formula (36) and “Surge Arrester” in
MATLAB/Simulink.
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FIGURE 12. Voltage induced on the three-line conductors with MOA on
phase A (0=0.01S/m) (a) middle point, (b) termination.

VI. CONCLUSIONS

In this paper, a macro-model of Agrawal’s field-to-line
coupling model is proposed, which can be integrated into
MATLAB/Simulink to evaluate LIOVs of overhead lines.
In this model, the distributed equivalent voltage sources are
lumped at the terminations of the lines. In order to interface
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TABLE 3. Constant, residues and poles of Z;;.

Zy Zy Z33 Zi Zi3 Zy3
Rdl 1 Rd22 Rd33 Rd12 Rdl3 Rd23
6.64x10° 7.44x10° 7.16x10° 2.40%10° 2.25%x10° 1.64x10°
i P 2 § 23 733 P33 2 P2 ri P13 723 P23
420x10"  -8.03x10°  7.10x107 -1.11x10° 5.32x107 -8.45x10° -1.40x10° -9.96x10° -2.35x10° -1.49x10° -1.29x10° -1.28x10°
3.29x10°  -4.86x10* 8.51x10° -9.10x10* 4.88x10° -5.63x10* -1.15x10" -6.85x10* -1.70x10" -1.03x10° -9.37x10° -8.50x10*
1.82x10°  -2.82x10° 8.99x10° -8.84x10° 3.67x10° -4.05x10° -4.80x10° -3.58x10° -6.16x10° -4.91x10° -3.67x10° -4.12x10°
1.38x10*  -9.75x10"  1.00x10° -9.16x10* 2.64x10* -2.85x10*> 9.89x10°  -4.03x10"  1.11x10* -4.37x10"  1.24x10°  -4.05x10'
498x10° -1.31x10" 4.98x10° -8.81x10° 4.88x10° -1.42x10' 5.43x10* -5.63x10° 5.22x10* -5.50x10°  4.04x10*  -6.51x10°
6.53x10°  -1.47x10° 5.75x10° -9.72x10"  6.92x10° -1.58x10° 4.41x10* -7.32x10"  4.18x10* -7.07x10"  3.42x10* -8.76x10"
R[],] R[[,z R“_(, RIZJ L\Zvl RIZ»Z LIZ.‘A Rlz‘z L! .5
Rdll
I I
R
Cn,l Cn 2 C”Jr C;z,a C]z,é; .
FIGURE 13. Equivalent circuit of Z;;. o T T
FIGURE 14. Equivalent circuit of Z;,.
with MATLAB/Simulink, the propagation function of MTLs
is approximated by a delayed rational function and described
by a state-space representation, and the Brune’s synthesis is 10°
adopted to model the passive section in the macro-model in Formula(13)
order to overcome the passivity violation problem. Further- . , L Equivalent Circuit
10 12 1

more, an “early time model” for the early time response is
proposed to calculate the peak values of LIOVs, and the cal-
culation of a LIOVs can be further simplified. Some examples
are presented to demonstrate the accuracy of the proposed
model, and the influence of the MOA and ground wire on
the LIOVs are also discussed.

By using the proposed method, a complex network would
be analyzed in future in order to achieve a rational protection.

APPENDIX

A. MODELLING OF THE PASSIVE SECTION OF
MACRO-MODEL

The fitting parameters and corresponding equivalent circuits
of Z;; are described in detail in this section. The values of
Ryjj, rij and p;; according to all the impedances in Fig. 1 are
listed in Table 3. Considering that condition (17) is satisfied
for the cases of i = j, Z; and can be modeled as Fig. 2.
Taking Z1; as an example, its topology is shown in Fig. 13 and
the values of the elements are list in Table 3. As for the
cases of i # j, as can be seen from Table 3, some residues
are negative, so condition (17) is not satisfied. Brune’s syn-
thesis is used to deal with the passivity violation problem.
Taking Zj> as an example, its equivalent circuit is given
in Fig. 14 and the parameters are listed in Table 4. In order to
validate the equivalent circuits, the curves of the amplitude-
frequency and the phase-frequency characteristics are shown
in Fig. 15 and Fig. 16.

B. EFFECTIVE LENGTH OF THE “EARLY TIME MODEL"

As we all know, the lightning striking distance presents a
much broader rang, which will influence the rising times
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FIGURE 15. Amplitude-frequency characteristics of Z;, and Z;,.
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FIGURE 16. Phase-frequency characteristics of Z;; and Z;,.

of LIOVs. In order to illustrate this problem, the peak values
of LIOVs of different lightning striking distances are shown
in Fig. 17. In these examples, the maximum lightning subse-
quent return-stroke current with SOkA peak value is consid-
ered and the maximum time-derivative is 200kA/us [38], and
the line configuration is same as example 1 in Section V.
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TABLE 4. Parameters of the equivalent circuit of Z;; and Z,,.

UNIT: R:[Q], C:[F], L:[H], M:[H]

Z]l

ZIZ

Rll,l
5.23x10"
Cll,]
2.38x10°
Ran
6.64x10?

Rl 1,2
6.77x10"
Cl],z
3.04x107

Rl 13
6.47x10"
C11.3
5.49x10°

R11,4
1.42x10?
Cll.A
7.22x10°

Rll,S
3.79x10?
Ciis
2.01x10°

Rl 1,6
4.43x10°
Cl],ﬁ
1.53x10*

Rlz,l
1.97x10°
Ll2,]
3.48x10°
M12,|
3.65x10™

R12,2
1.64x10*
L12,2
3.82x1072
MIZ,Z
2.19x107

R12,3
1.58x10*
L12<3
2.07x10%
Mir3
1.03x107

C12,2
9.25x10°
L12,4
2.32x10"

Ciaa
3.58x10°
L12,5
8.91x107

C12,6
1.84x10°
L12,<:
1.19x107

500

400 1
300 1
200 1

100 1

0 ‘ ‘ ‘ M
0 200 400 600 800
Lightning striking distance (m)

The peak value of overvoltages (kV)

1000

FIGURE 17. The peak values of lightning induced voltages of the different
lightning striking distances.

TABLE 5. The rising time of LIOVs about different lightning striking
distances.

nght.mng striking 50 90 200 300 400
distance/m
Rising time of 0.70 0.80 1.20 1.65 2.00

LIOVs/us

As can be seen from Fig. 17, when the lightning striking
distance is larger than 400m, it would not cause an insulation
flashover, and the corresponding rising times at different
lightning striking distances are listed in Table 5, in which
the rising time of LIOVs is about 1~2us. On the other hand,
as for a line longer than 500m, the time delay from one end
to other would be greater than 25, which is longer than the
rising time of LIOVs. It can be imagined that the LIOVs
would not be influenced by the current sources I(x) and
I¢(x2) in Fig. 1 which is related to the reflections from the
other end. As a result, Fig.1 can be simplified to Fig. 3 when
the length of the line is longer than 500m.

Finally, considering that the front time of lightning presents
a much broader rang, such as the first return-stroke current
whose front time is longer than the subsequent return-stroke
current, the rising time of LIOVs will be also longer and the
effective length of the line should be adjusted accordingly.
Given that the calculation of the LIOVs is usually discussed
under a subsequent return-stroke current, which is also the
focus of this paper. As the statements above, as for a line
longer than 500m, the effective length of the ’early time
model’ is adopted as 500m.
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