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Abstract— In this paper we analyze the behavior of
asymmetrical spans such as the ones found in widever
crossing or in overhead lines with wide spans. Inhe
frequency domain, a non-uniform line can be represged by
a cascade connection of uniform lines with distincheights.
This leads to a computationally inefficient line mdel in time-
domain. In the frequency domain, the chain matrix an be
used to improve the efficiency as an equivalent fathe whole
span can be obtained. This equivalent is a multi-put multi-
output frequency dependent network. An analysis ofthe
impact of the non-uniform span in an otherwise unibrm line
is investigated. To obtain time-domain responses, he
Numerical Laplace Transform is used. Several configrations
are considered, including an unconventional line wh a very
high SIL (Surge Impedance Loading). The results indate
that depending on the “type” of span considered ver distinct
transients waveforms can appear. These waveforms vavery
little in common with the ones found when a uniformline is
considered.
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I. INTRODUCTION

N developing countries such as those of the sed®RIC

(Brazil, Russia, India, China) there is the chajkento
transmit bulk power over large distances. For imsta there
are some possible river crossings for overhead lthat will
be constructed to connect the power generatioherAtmazon
Basin to the main load centers in the Southeadastheast
part of the country. These river crossings arehm arder of
2 km leading to very tall towers and wide line spaRor the
analysis of the voltage/current surge propagatiearrsuch
crossings a more detailed line modeling might beded.
Typically in modeling overhead lines all the conus are
assumed to be at a constant height. This leadsetsd-called
uniform line model where the line can be represgeither by
the Method of Characteristics (MoC — also known tlas
travelling wave method) or a nodal admittance mafYi,qq).
In the uniform line case using MoC any transmisdioa can
be represented using the appropriate admittancexnzatd a
propagation matrix also known as voltage defornmatiatrix.
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When Y4 is used, am conductor line can be modeled using
two block matrices, one containing the diagonalcklgsub-
matrices and other the off diagonal submatricesilé&MoC
has been the preferred approach for time-domain
modeling [1], frequency domain methods use thgyY
approach [2]. A nonuniform line (NUL) can be coresied as a
generalization of the uniform line when the heigbfsthe
conductors are no longer assumed constant. THieisase of
line spans found in river crossings, valleys oritdr Until
recently, a direct approach for representing a Ndither in
time-domain or frequency-domain modeling, demanded
discretization of the line in a number of segmesftsiniform
lines. The main drawback of this approach is thdteavy
computational burden may occur in time-domain as th
segmentation demands the time-step to be smaléer the
fastest mode found in the uniform lines. If theqgfrency
domain is used, a more compact realization canhbaired
using the chain matrix [2]-[3]. The segmented umifdines
matrices are converted to a matrix transfer fumctalso
known as chain matrix (RPwith the A, B;, C;, D; constants.
The cascade connection of IBads to a single matrix which
then can be converted to a nodal admittance matiixs
approach has been used to represent undergrourié cab
systems with cross-bonding [4] as well as in arealys
incident field excitation in overhead lines [5].

A distinct approach has been proposed in [6] wiieee?,
B, C, D constants in the quadrupole matrix are obtainenth fr
the integration of the frequency domain differengégquation
of transmission lines. Simple linear algebra exgim®s can
then be used to convert tAeB, C, andD constants to Y4 A
time-domain model using this methodology was presen
in [7].

In this paper we investigate the propagation charistics
of two NUL. The first one is a conventional 230 kke and
the second one is an unconventional line with & I8t.. The
Numerical Laplace transform [8] was used to obthmtime-
domain response. The paper is organized as follBestion Il
presents a brief overview of nonuniform line modeli
adopted here; Section Ill presents the test cassslts.
Section |V presents the main conclusions of thiskwo

II. NONUNIFORM LINE MODELING

A NUL can be modeled in the frequency domain usirey
same voltage/current differential equation as unifdines.
The main difference is that for a uniform line tingpedance
and admittance matrices per unit length also véongathe
line. Equation (1) shows the expressions definhmg toltage
and current vectors for a multi-phase line.
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Differentiating (1) Witr)1( respect toleads to (2). Wherexl and?<o are the x-coprdinates that define the length of
42y dz(x) d the uniform line approximation.
— = =Z (x)— @) The procedure to obtain the equivalent nodal admit
o dx dx matrix is rather straightforward. In order to defithe number
d_zlz_dY(X)V_ ( )ﬂ of segments the Courant-Friedrichs-Lewvy, CFL, eciitn
dx? dx dx was adopted [14]. This criterion stipulates that thinimum
Unlike the uniform line, there is no analytical wabn. In the length Ax for the uniform segment is given by
past finite differences have been used[9] and migale AXx = VAt (5)

integration can be used [6]. Another possibilitytésassume where vis the speed of the fastest mode. In this work the
thatZ andY have an exponential dependency with respectdpeed of light was adopted. Another possible éoitefor the

X. This procedure is commonly known as exponeniied &s determination of Axis to compare the line parameters

has been applied to lossless lines [10], lossysl[fi¢] and optained with those using the cylindrical electrode
frequency-dependent tower models [12][13]. An alééive formulation [16] or  the  finite-length  parameter

procedure is the segmentation of the nonuniforne lin  methodology [18][21]. This comparison is left foutdire
smaller, pseudo-uniform lines. If the line is segtee in such research.

a way as the variation in bothandY can be disregarded, the  After the length of uniform segment is determinee w

chain matrix can be used [3][14]. _ obtain the nodal admittance matrix of each segmient,the
Consider the nonuniform line represented schenitite nodal admittance of a uniform line which is given b

Fig. 1. The NUL is segmented in several uniformedirwith Y Yo
constant heights. The average height of the liremeat is Ynod == {—Y v } (6)
used in each chain matrix. ) a2 ) )
with Y;1 =Y, and Y;, =Y ,; and can be defined in the phase
domain by
Segment) ) L
Vi =Yo[l #H2){ -+ ?) @)

2 -1
Yip=2Y(1 -H?)
where Y, is the characteristic admittance matrix andis the

propagation function matrix also known as voltage
deformation matrix. By using the matrix relatiorosm in (8)
the chain matrix of each uniform line segment isoted.

A B Y2Y Y51
VE(l) Q ) Q ) e Q . --- Q e VR(n) Q - - 21122 21 (8)
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Ve = Ve Vi@ = Vew By cascading each transfer matrix an equivalentithopitput

Ing) = Iggen) Ingne1) = Ign)

) i ) g ) ) _matrix transfer function of the nonuniform line derived.
Fig. 1. Schematic representation of a nonunifdrma With the chain matrix

representation. This can then be converted to an equivalent nodialittance
matrix as shown in (9).
Traditionally the height of a conductor can be deteed -1 _ -1
; . P ; DeBeq” Ceq D eB eqA e
using the parabolic approximation of the catenBigwever, it Ynod,, = 9
was found that in case of very wide spans, ovem] there ! _Beq_l Beq_lA eq

were some noticeable differences [15]. Therefote was
decided to use the catenary equation where thehtheifga
conductor along the span is given by
To avoid numerical instabilities it is possible tdtain
y:q[cos!{—J—lj (3) these results using only the smallest eigenvalueg6).
References [3] and [4] present more details in tiatter.
where q is the “specific weight” of the conductor. Thus
phase-conductors will present distinct sags whempawed lll. TESTCASES

with ground wires. The constant heighy of the conductors  The first case considered is the same as in [6]f7 a

to be used in each segment(§ee Fig 1) is obtained by thehorizontal line in which adjacent conductors arermi@part.

integration of (3), leading to The conductor radius is 2.54 cm. The water resigtiis
10Q.m. Fig. 2 depicts this configuration.

It can be proved that (9) is symmetrical [3], trardy three
block matrices of\(nodeq need to be calculated.



A step voltage of 1V is applied at terminal #1 Mhi
terminal #2 remains open. The CFL criterion indisathat the
uniform lines segments should be 30 m in length.
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Fig. 4. Voltage at the first phase of the termfatla step voltage at term. #2

Fig. 3 shows the output on the outside phase cdodat

Terminal

terminal #2. If this curve is compared with Fid. ih [7] it b #
seems to be a considerable agreement. /!\ L
erminal ‘j‘l‘ ) N - ‘i\,“\‘\\ Terminal
A resomeom  |X| 2° span - 1000 m “&‘, 3 Span-600m |~
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_ Fig. 5. Schematic of a full river crossing — settest case
>
g? 1 The second case considered is a so-called “fulérriv
s crossing,” consisting of three NULs as depictedrig. 5, two
_J over ground and one over water. For this case toengl
0 1  resistivity considered was 10@m and the water resistivity
was the same as in the previous case. Again affrase step
voltage 1V was applied to terminal #1 while teratit4
-1 . . . . . . . . .
0 5 10 15 20 25 30 remained open, as shown in Fig.5. Two strategiesew
Time [us] . . . . .
Fig. 3. Voltage at the first phase of terminalfé2a step voltage at terminal considered f(,)r the analysis 9f thls configuration:
#1 (a) Modeling each span in Fig. 5 by a NUL;

(b) Modeling the “up” and “down” spans using NULhike
This case was also used to assess the voltage tof@Bsa@s the second span, the actual river crossing, is feddssing a
a function of the number of chain matrices usedttain the yniform line.
NUL equivalent. The case using 30 chain matricesexd asa  The second span in this case is symmetrical eipect to
base of comparison. Table | summarizes this com@ari the mid-span so we decided to investigate if weldou
where N is the number of chain matricéss the length of the approximate the NUL by a uniform line (UL). Thesuds are
uniform line segment and MaXy) stands for the maximum depicted in Fig. 6. Case (a) is shown as a saiigl While case
voltage mismatch found in the simulation. (b) is presented as a dashed line.. As expected(aashowed
higher oscillations and although the maxima arselonainly

TABLE | — MISMATCH IN VOLTAGES AS FUNCTION OF THE NUMBER OEHAIN P
after 20 ms, the waveforms are rather distinct. Thie

MATRICES USED

N ? Max(aV) approximation of the second span lead to a rewitls a
20 30 0.0238651 distinct waveform, although the highest values tbim both
30 20 | 0 cases were very close.

40 15 | 0.00679813 Even though not yet considered in these two cabes,

. . ) . o presence of ground wires can significantly afféxt voltage
Itis mtgrestlng to note that a_NUL IS n_ot sy_mmeﬂl N waveforms. Fig. 7 shows the voltage at terminabf2tie first
terms of input/output relationships. For instanéethe step - <o when the overhead line has ground wires. Twese
voltage is applied at terminal #2 the output idedént from 5/g» EHS, located 5 meters above the phase conduetod
Fhe one we obtam_ed applymg the step at termidal ¥ gq6n meters away for the central phase. Thesalioates
illustrate this behawo_r, cons!der a case _wher&sttrae thre_e- were obtained by applying the electrogeometric rhotibe
phase step voltage is applied at terminal #2. Twlt is ground-wires were assumed grounded at the towethier
depicted in Fig. 4 where it is seen that although voltage analysis. As it can be seen the waveform is now hmuc
maxima are similar, the waveforms are considerdlffgrent. “smoother” and with considerably lowers peaks.



] grounded, i.e. grounded at every tower. As befar¢hree-
NULAULsNUL L\ phase step voltage is applied to terminal #1 wigiteninal #4
remains open.
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. . . . . Fig. 9. Schematic for a wide river crossing
The last case considered is shown in Fig. 9, wisidiipical of

a large river crossing as can be found in the Ama&asin. In Fig. 10 shows the voltage output in the outsidesphan
this case, the distance from shore to shore mayidher than terminal #4. It can be seen that the presence mfngt wires
2 km, it should be point out that the Amazon rimad some of and a more detailed soil modeling has decreasedhitieest
its affluent are much wider at other location. Thee peaks and created a highly damped voltage. Thetaffethe
configuration is shown in Fig. 8 with the condustat the soil in NUL seems to affect mainly the amplitude.
minimum height. It is essentially the same cirdhiat was

used in [19] but with a higher nominal voltageisla 1000 kV 20 ﬁ

= NUL-soil1

overhead line with a nominal power of 8 GW. Phas
conductors are Bluejay and ground wires are 3/8SEMhe

line has an unusual bundle arrangement to maxirttiee '
transmitted power. More details regarding the Liesign can
be found in [20].

Fig. 9 depicts a possible configuration for thessing of a
wide river. In the first scenario we consider bmth the first
and third spans a constant resistivity ground athé other
cases, 100@.m. A second scenario was the application of
more detailed soil model for these spans. In tlisec the

— NUL-soil2

Voltage [V]

frequency dependency on both ground conductivityl a ol
permittivity is considered [21]. This type of swoilodeling is 000 005 o0 o5 020 035 530
based on experimental measurements firstly caoigdn the Time [ms]

Amazon region, thus being more than suitable ferahalysis Fig. 10. Voltage at terminal #4, first phase, ¢dexed two soil modeling for
of a possible transmission system in this areadpendix A the firstand third spans.
some basic information on the frequency dependehirodel
is provided. IV. CONCLUSIONS

For the second span, over water, a simple, pureThis work has focused on the analysis of the veltag
conductivity soil model was used with the same pater as propagation characteristic of NUL. The NUL was aféal by
before. The ground wires were assumed continuouglycascade of several uniform line segments withindis



heights. An analysis of a simple case each withistindt
number of chain matrices indicated that a rathenpk
approach can be used to determine the minimumHewfgthe
uniform line to be used.

The presence of NUL increases the voltage oscitiatand
introduces distinct frequency oscillations. If tREJL presents
some symmetry its impact is considerably lower, tlee
presence of symmetrical spans tends to minimizetteet of
the NUL.

The overall behavior of the overhead lines was ressly
the same, regardless of conductor (bundle) arraagenthe
line with a high SIL and non-identical bundles s
waveforms quite similar to those found for the cake single
conductor overhead line.

The presence of ground wires has a pronouncedtedfec [g]

the voltage attenuation thus being a key elementtlie

overvoltage analysis of a NUL system involving ap,

asymmetrical span.

Future research considering the response of the having
high SILs at high frequencies is still needed. iRgtance, the
influence of the tower and of the tower grounding the
behavior to the voltage remains to be determined.

V. APPENDIXA
The ground propagation constant is given by

Ve =+ jau(o+ juwe) = [jauo

as for a purely resistive soil is assumeebwe. For the case [12]

where the frequency dependent soil is consideredrtbdel is
represented by an imittangéw) given by
K(w)=0+ jwe=0g+3, + [0,

where g is the low frequency soil conductivity in S/m and
can be obtained by conventional techniques. Desjtite [14]

simplicity this model has provided accurate repmést@on of

different sites, with distinct soil and geologisaiuctures. The [15]

part responsible by the frequency dependency in sthié
parameters is given by

Oy + |04 = A(#]a (cot(agj +j ]

In the expression above both and o are constant. Thesell”]

parameters were determined assuming a Weibullilglisiton

of the soil samples. For the cases considered Wwerdave

used a specific set of measurement which led to
A=8.920287186  a= 0.716(

Thus the ground imittance to be used in the evianaif the

line parameters is given by

Kk (w) =107% + 71897 0.057849 | 0.12097 I6

with the value ofk(w) the ground propagation constant i?ﬂ]

obtained for every frequency. The line parameteas be
obtained using the Gaussian quadrature of theitefintegrals
in Carson’s formulation. If the complex ground mas to be
used, complex penetration depth is defined by ¢hewing.

p=y( i (@)
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