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Abstract — The present paper analyzes the influence of
transmission line transversal parameters together ith reactive
shunt compensation parameters in the reduction ofezondary arc
current. A simple approach at preliminary design sage of
transmission system is proposed to enhance SPAR sass
probability. Some electromagnetic transient simulabns were
performed with optimized neutral reactors in order to observe the
secondary arc current minimization.
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I.  INTRODUCTION

TATISTICAL studies [1] related to the defects oaewt at

EHV lines show that more than 90 % of total lindages
are due to single-phase to ground fault type. Be#it, the
majority of the faults are non-permanent. A singhase fault
can be eliminated through three-phase opening mugh
tripping just the faulty phase. The most evidentaadage of
the single-phase opening is that this procedurareaspower
transmission continuity through the other two Healphases
[2].

Before the faulty phase tripping the electrical atcrent

amplitude can reach 18A and the arc is named primary arc

After the faulty-phase is openned at both sides,eflectrical
arc is sustained due to coupling with the healthgges. This
arc current can reach 1@ 1G A for long lines (around
10°km long) and the electrical arc is called secondacy The
secondary arc can self extinguish in a rather stime (less
than 500 ms) or can be maintained for longer tingethe
healthy phases. If the phase is reclosed beforesdhendary
arc extinguishes the procedure will fail and thee¢hphase
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tripping will be implemented [3].

Single-phase opening/reclosure procedure (SPAR) was

imposed for every new line in Brazilian electrisgstem since
2000. In order to reduce SPAR failure rate it iparant to
minimize the secondary arc current (larc) amplitudis
optimization can be performed in a preliminar stagfe
transmission system design, reducing mitigationcedores
costs.

EHV and UHV transmission lines with some hundreéls o

kilometers lengths generally use reactive shuntpmmsation
to compensate line capacitive reactance to redaltage rise
in remote terminal during line energization or darlight load
operation. A simple method to reduce secondaryanent is
to properly specify a neutral reactor [4] installed the
common point of the shunt compensation reactors.

Steady state analysis of transversal transmissjsters
parameters (line + shunt compensation) can enhthecgizing
of neutral reactor. By doing so, it is possible dssure
minimization of secondary arc current in first samcreasing
SPAR success probability [5]. If the secondary\aaites are
not reduced and remains severe, other possibilif@s
reducing secondary arc must be used, such aslimgtelSGS
(high speed ground switches) or including a paldiciarc
model based on time or interaction procedures atwark.
Such scenarios are not used in this paper.

In this work an extensive transmission system trarsal
parameter analysis is presented, varying shunt eosgiion
level and neutral reactor values. Some transieuliein the
first stage of SPAR in steady-state are also ptedefor
different line lengths, optimizing the neutral reas and
utilizing regular used Brazilian neutral reactotuess.

IIl. TRANSVERSALPARAMETERS OF ATRANSMISSION SYSTEM

The secondary current is mantained through capacind
inductive coupling between the healthy phases aadfaulty
one. In the proposed method the secondary coumlitighe
minimized at a preliminary design stage and foas@nalysis
of the transmission system behavior during the gination
maneuver is adequate. A supplementary enhanceraanbe
performed for different load levels. For the eneagjon
analysis the capacitive coupling is much more pioémt and
therefore it is important to optimize the transe¢gsarameters
of the transmission system composed of transmidsies and



shunt compensation system.

: . o Yoo Ym Ym
In this section both transmission line transvepsahmeters [Y ]_ 5
and shunt compensation reactors will be descritedugh 2= Ym Yo Ym )
their admitance matrices. Yo Yo Yy
A Transversal Parametersof Long Transmission Line B. Transversal Paramgters of Reactive Shunt Compensation

The present approach means to reduce the secoadary  Scheme
current amplitude. As the arc is maintained througk The arrangement utilized at the four-legged readsor
energized phases coupling in steady state, thendaop shown at Figure 2. With this arrangement, it isrgnteed a
current is basically a 60 Hz signal. It is an ad¢abfe normal system operation under steady-state conditifor
assumption to take the line as ideally transposéd leng lines lengths. During contingency occurrendette
fundamental frequency. network, such as opening/reclosing procedures,ctieje

The transposed line can be represented by its symcale energization or faults, reactive arrangement isreded into a
components as presented in Figure 1. security element for stability problems or othends of

Longitudinal Parameter: problems that may arise from these maneuvers.

Transmission Line
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Fig. 1. Transmission system representation - inggon line together with
compensation reactors.

Transversal admittance of a long single-phase itn&sson

line (Y1) (or of a line sequence component) is obtained

through (1). In equation (2) admittance matrix [pf]la three-
phase line is presented in mode components, spabjfi
homopolar modeyf) and non-homopolar modeg), which
are numerically equal to positive and negative eeqe

component. Propagation constapd) of a component is seen

Fig. 2. Four-legged reactor arrangement schenté (v@utral reactor).

From Figure 2, it is obtained boundary conditiogaations
(7) for the analysis of the reactive compensatiireme.

Va: Zf“a+zn(|a+|b+|c)
V,= z,0,+2Z, (1, +1,+1,) 7)
Vc: Zfl:l]c+zn(|a+|b+|c)

Through (7), the impedance matrix (9) of shunt tigac
compensation arrangement is obtained.

in (3). z andy, terms correspond to series impedance and

transversal admittance per unit length for a spedihe
component.

Yio _ vl tanh(yc'l/z) (1)
2 2 (y%}
y» 0 O

[Y]= 0 vg¢ O (2
0 0 yy

Ve =ZYe 3)

For a better understanding, the line admittanceiceatvill
be presented in phase components, so theyggkrfd mutual
(ym admittance elements will be derived from the seqe
components, as presented in (4) and (5).

_Ynt2y
y, ==t (4)
— Y~ VYa
= 5
Yim 3 ()

Transversal admittance matrix per unit length irageh

components is shown in (6), relating the line tvansal
voltages and currents that circulate in the egaiviabhases.

Vawe | = [Ze] [1 ] ©)
Va Zf + Zn Zn Zn Ia
Vb - Zn Zf + Zn Zn lb (9)
Vc Zn Zn Zf + Zn Ic

Following in equations (10) to (13), self and mitua
elements of admittance matrix in shunt reactive pemsation
are obtained in the phase domain.

i (}(zf +3zn)j+2{zlfj

(10)

Y = 3

s

M., +az,) 2 (11)

Rm — 3
v o Zi*2Z, "
P77z (z,+3z,) (12)

-Z

Yo, = n
Tz, (z, +32,) (13)

In (14), it is shown admittance matrix of the shredctive
compensation.



YRp YRm YRm
[YRabc] = YRm YRp YRm (14)
Yan  Yam  Yro

Analyzing together the line transversal admittaf@eand
the shunt reactive compensation (14) it is obtaimed rotaL
matrix of the transmission system composed of line
compensation scheme (16).

Vo 1= Yol + Vo] (15)
yp + YRp ym + YRm ym + YRm

[YTOTAL] = ym +YRm yp +YRp ym +YRm (16)
ym + YRm ym + YRm yp + YRp

Equation (16) allows the analysis of the influelfeshunt
compensation level in the mutual and self elemenit$) the
objective of reducing capacitive coupling that feethe
secondary arc during SPAR. To promote the secondery
current reduction it is necessary to minimize thetual
admittance term of Yora. Matrix.

Formerly, it is described in (17) to (19) the mutua

admittance of transmission systervy) in function of the
system reactive compensation lex@l (

Y,
3+( %Yd)
Where Y; is the phase reactor admittance andis the

neutral reactor admittance of the shunt compensatio
From (19) it is possible to notice that, increasiegctive
compensation degree, total mutual admittandg) (of

transmission system diminishes, that is, couplingorg
phases is reduced.

Yf
YM =Y T
m Y, 17)
3+ %f
Yi =€ yq (18)
o _ ¢y
YM - ym (19)

I1l. ANALYZED TRANSMISSIONSYSTEM

In Table II, electrical parameters of conventioB@bD kV
line (Tucurui - Marabd) are shown. The line SI1i99 MW.
For the study, the line length was varied, beindized:
450 km, 600 km and 900 km.

Figure 3 shows the upper silhouette of the towedus the
analysis, where the distances between conductdrbetween
phases and their respective heights at the towedepicted.

The line has a reactive compensation scheme based i

"four-legged" setting, which is shown at Figurel®e reactors
are located at line extremities. For each line tlemig analysis,
phase and neutral reactors values are varied.

A. Neutral Reactor Optimization

As stated before, the present approach is based
minimizing the secondary arc current in a prelimynstage of
transmission system design in order to increasestltcess
probability of SPAR maneuver. At this stage no miadel is
used.
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In (20) the factoryis presented. A sensitivity analysis pf r
will allow the minimization of larc [3].
r _Yd — Yl _]/Yf +3/Yn
g=t=t=1 "

Yh Yo ]/Yf
Being Yy Y. respectively, the non-homopolar and

homopolar admittance of the shunt compensationtoeaat
60 Hz.

(20)

24.8m
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Fig. 3. Tower upper silhouette of the conventid@0 kV line in study.

TABLE Il
ELECTRICAL PARAMETERS OF500KYV LINE AT 60 Hz

Ro (Q/km) 0.3235
Zero Sequence | X, (Q/km) 1.5504
Yo (nS/km) 2.7290
. . R, (Q/km) 0.0154
Positive/negative X, (Q/km) 02670

Sequence
Y1 (nS/km) 6.1800

In Table Ill, the ratios \rthat resulted in optimal Xto
reduce larcamplitude for the analyzed line are presented. The
compensation levels were varied to keep a voltaie ig the
range: 0.95~1.05.

TABLE Il
OPTIMAL RATIO Ry TO MINIMIZE IARC DURING SPAR
U, Length Length Length
500 KV 450 km 600 km 900 km
é Iy p. X Ih X X Iy X X
(%) XXy | (£2) (2) | OLX) | (£2) 2) | Xy | ) (£2)
7209 3.75 | 8899 | 9709 - - - - N B
30 29 5534 | 8738 28 3843 | 6403 -
840 - - 2. 323. 610.1 - - -
90 24 3625 | 7767 13 2467 | 3693 19 1062 | 3541
920 - - - - - - 19 1038 | 3463
95 _ . . . . - 18 804 | 3334
100 2.1 2363 | 699.1 20 1708 | 5124 1.3 349 3186
(*) minimum degree of reactive compensation for ldregth: 450 km.
(**) minimum degree of reactive compensation fog tangth: 600 km.
(***) minimum degree of reactive compensation fbetlength: 900 km
Transmission System: U=500kV, L=900km, C.Sh: 90%~10%
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Fig. 4. Maximum larc for single-phase faults aldhg line, when varying the
neutral reactor values. Line length: 900 km.



For each y ratio a sliding fault was represented and the U = 500KV, L = 450km, C.Sh: 72 ~ 100%
highest larc was obtained. Taking for example @ | line =
with 92 % of shunt compensation (figure 4), the stdault
condition along the line was obtained fgrrange between 1~ +_---
and 6. The lower arc current (larc = 30 A) is ohéal with a 10t
factorr, = 1.9 and represents a neutral reactprX03.8Q.

A= = 17T

IV. ADMITTANCE PARAMETERSANALYSIS

abs(Y,/Y,)

A preliminary analysis of transmission system athnite ° reraEE
parameter was implemented in order to identifydpgmized [l o Comacoe
neutral reactors to reduce larc. In Figure 5 isli®wn the H —A— C.Sh:95%
absolute values of the ratio between mutual adnu@and the 10°) *C‘f&m% ZLO o e e e -t
self admittance (absfYY 1»d) for the 450 km line varying the Neutral Reactor [Q]
neutral reactor value and the compensation levad. Minimal Fig. 6. Abs[Y./Yi{ function of Xn for different levels of reactive
values of this ratio is coincident with the optimadlues of compensation C.Sh (%). Line length: 450 km.
neutral reactors as presented at Table Ill. It lvarobserved ¢ Xn(@), U=500kV, L=450km, Differents Levels of C.Sh
that for high compensation level the optimum nduteactor

value diminishes. Also, for a neutral reactor valoere is an

optimal compensation level that will result in animium larc. <

The regularly used neutral reactor in Brazilian &®0lines E ----

(8004Q) is not indicated for highly compensated lines,ewh §

optimizing SPAR maneuver. < ==
o}

16* U =500kV, L = 450km, C.Sh: 72 ~ 100% % S U A
3 || —+— Xn=889.9Q)~C.Sh:72% : ,,,,,,,,,,,,,,,,,,, _
|

|

|

—A— Xn=800.0Q)~C.Sh:72% | |
H —+— Xn=553.4@)~C.Sh:80% |- — — — — —---/---- --=

Xn=362.5@)~C.Sh:90% |I I |

. +an256.39)~§.5h:100%: ! 1

Q
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

1

% C.Sh (+100 %)
§§ Fig. 7. Maximum larc for different Xn, varying ie&ve compensation levels.
7 Line length: 450 km.
[ . .
R Table IV summarizes the obtained results of mutual
f"'iﬂ 3§§§8 I kT T S » admittance relation (YY1, and the increase of shunt
n= . .
| —8—Xn=553.4Q) | -~~~ —F————pF-—-—F-—-—1- reactive compensation level¢)( Secondary arc current
—A— . .
== 222 o | | | | | reduction is also presented.
65 0.7 075 08 0585 09 095 1 TABLE IV
C.Sh (*100%) RELATION ABS[Y /Y 12J, NEUTRAL REACTOR AND SECONDARY ARC
Fig. 5. Abs[Y/Y1.d for different levels of reactive compensationSB.(%), CURRENT
varying Xn. Line length: 450 km. 1 Length Length Length
In figure 6 the neutral reactor value is the bamsicameter g | P Xo | Le | Fuls | X | Le | Fol” | % | L

. ” ; - (%) Fol | (@) | A Fol | @ | (Amd Fol | @) | Armd
for the 450 km line analysis when varying the congagion 720 | 00432 | 8895 | 96 - - -

level. It can also be observed that when the cosgiem S0 ooe | P54 50 | 00914 | 5| 130

. K o 840 0.0140 | 4716 33 00131 303.1 10.0 - - -
level increases the optimum neutral reactor valu@mishes. o0 [ 00073 | 3625 16 | 00083 [2467] 50 [ 0.0180 [ 1062 [ 332
02 0.0071 3203 25 0.0082 2218 36 0.0161 103.8 310
The same response could be observed for longes (@0 93 0.0070 | 2943 | 24 | 00045 | 2158 | 35 | 00165 | 894 | 300
and 900 km) 100 0.0048 2363 12 0.0070 170.3 30 0.0140 340 260
In Figure 7 maximum secondary arc currents areepres,
obtained for several reactive compensation levaisiifferent V. TIME DOMAIN ANALYSIS

neutral reactors (§. It is possible to observe that a neutral Based on the worst location suitable for singlegghfault
reactor has an optimum compensation level thatredllt in a in steady-state analysis, some simulations with hbp of
minimum larc. Beside that, the lower the shunt cengation ATP were made to verify the current larc (rms).

level the greater the value of optimal neutral te@acThe Phase reactors were supposed to have a qualityr fatt
800Q neutral reactor is indicated fdr = 0.75, while for 400 and the neutral reactor a quality factor of Aile system
£ = 0.9 the indicated reactor is 3625 This results that when was supposed to be, initially, at steady statethadine was
utilizing a neutral reactor of 800 for a 500 kV line, 450 km €nergized with a fault at the location which waenitfied as
long, strongly compensated £ 1.0), larc will be much higher generating the highest secondary arc current. émescases

(larc = 50 A) than when utilizing a lower value tralireactor, the fault was applied in the remote line termiffdle fault was
for example, of 25@ (larc < 1 A) applied at t = 0.1 s. Faulty phase circuit breakas opened at



t=0.2s. larc was measured at the fault locatidh.this example X = 106Q, larc would increase to 101.82.4
preliminary optimization stage only the secondaryc a(Figure 10).

fundamental frequency response was analyzed, SUBHE ngemcmectshom moaeme o o ey e e ocyal Rcator

was modeled by a simple resistance witFR0Q. Figures 8

to 12 do not have the same scale in the verticdlramizontal 150
axes because the objective was to observe thetiedws the
amplitude of the secondary arc current for the saseder
study. This would not be possible if a single scatre used

50.

—
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for all graphics. ° va“\;vv AR AR
A. Analyses of Line with Shunt Compensation, without -50
Neutral Reactor. 100

Formerly the cases with phase reactors without rakut .
reactor are presented. It was observed that, ahtke cases,
larc was greater than 1404 At Table V, rms currents 200 o - " o o FE—

values are shown for the worst fault location, withneutral e soov-4sokm csh-extremos pit; x-var § c:F  -450Ki
reactor installation. Fig. 9. larc for 450 km line with optimized Xn rar.

TABLE V larc in Line 450km with Single-Phase Fault at Reception Terminal.
Arrangement of Shunt Reactive Compensation with Neutral Reactor Non-Optimized.

| src SECONDARY ARC CURRENT DURINGSINGLE-PHASE FAULT WITHOUT 500
INSTALLATION OF NEUTRAL REACTOR o\

T Length Length Length 875

500 KV 450 km 600 km 900 Em

.-E Xd Iln: Xd Iin: Xd Iin: 250

(%) EQ) (Ams) EQ) (Aﬂus) ':Q) ':Ams) 125. A\ A O A VNP ST WO WU O N OO WO YOV WY
720 970.87 14420 - - - -

RN T — i

84(™) 832.18 136.82 610.10 179.11

L
o0 776.70 135.01 369.34 17477 35:1.1 236-.9'." -125. { ‘ }\j U] \/\ \(\
U

9277 | 75981 | 13462 | 55697 | 17318 | 3463 | 23378
o5 73582 | 13354 | 53938 | 17149 | 3354 | 22701 -250
100 69003 | 13261 | 51241 | 16881 | 3186 | 22070 e
At Figure 8 it is presented the result from singtde
opening after single-phase fault for the casesonfpensated %5 0.15 025 035 045 055 5 065
lines without neutral reactor (for the three liradths). (file 500KV-450km-CSh-extremos.pld; x-var f) c:FF -450KM

Fig. 10. Detail of larc for 450 km line with,Xe 106Q.

larc in Lines with Single-Phase Fault at Reception Terminal (L=450km, 600km e 900km).

Arrangement of Shunt Reactive Compensation without Installed Neutral Reactor.
1000, larc in Line 900km with Single-Phase Fault at Reception Terminal.

IA]
750

200 Arrangement of Shunt Reactive Compensation with Installed Optimized Neutral Reactor.
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Teste-Param-Distr-500kV-900km-CShextrem.pl4: c:IF  -XX0035
500kv-450km-csh-extremos.pl4: c:IF  -450KM
500kv-600km-csh-extremos.pl4: c:IF  -600KM

-200.

Fig. 8. Fault current for compensated lines of K50 600 km and 900 km, ™t o6 - ons o5
without neutral reactor. (file Teste-Param-Distr-500kV-900km-CShextrem.pl4; x-var t) c:IF -XX0035

B. Analyses of Lines with Shunt Compensation and Neutral Fig. 11. larc for 900 km line with optimized nealtreactor X.

Reactor installed. The same simulation is presented for the 900 krg love.

In figure 11 the line energization maneuver undegle-phase
fault with open reception terminal is presented frautral

-150.

[s] 070

In Figure 9 it is presented the fault current foe #50 km

line with neutral reactor installed. It was verifian important
reduction of larc to 12.13 4 with X,= 889.96Q (¢ = 0.72). reactor X%,= 103.8Q (£ = 0.92). The secondary arc value was

The single-phase fault was simulated at the lirg terminal limited to 30.46 A If the neutral reactor value is altered to a

which corresponds to the local resulting in the smorhigher value, fo_r example,nX:_SOOQ_, larc will i_nprease to
secondary arc current. 270.07 Ans In this case, there is a high probability thaA&P

If a neutral reactor different from the proposeduea dpes not succeed without qdditional mitigation prhoes [6].
presented at Table IV were used for the 450 km, lagefor Fi9ure 12 shows larc for this case.
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VI. CONCLUSIONS reclosing maneuver if a neutral reactor is insthlle
In this work, transversal parameters influence of a indicated for each level of compensation. For examp
transmission system formed by EHV transmission #nd its for a compensation of 84 %, the optimal neutratiema
shunt compensation was analyzed regarding SPARNTdie is X, = 305.1Q.

The assessed line, with 900 km long and with shunt

objective of the presented methodology was to reduc - ) Wt !
reactive compensation installed at both line exeagm

secondary arc current with simple and low cost ifigation at

former stage of transmission system specification. will have a high probability of succeeding at sergble
It is important to determine the relation betweles mutual reclosing maneuver if a neutral reactor is installe
admittance of transmission system (line + compémsgfor indicated for each level of compensation. For examp
the desired compensation level. Through this w@iatsome for a compensation of 92 %, the optimal neutratiea
parameters can be optimized to improve system paéioce. is X, =103.8Q.
It is possible to observe that the lower the lesekhunt

larc in Line 900km with Single-Phase at Ending Terminal.

Arrangement of Shunt Reactive Compensation with Neutral Reactor Non-Optimized. compensation of the |ine’ the h|gher the value pﬁma|

neutral reactor, that is, the higher the value aitral reactor
which will result into the lower secondary arc ant. When
utilizing a neutral reactor of 80@ for a line of 500 kV,
400 P 450 km, strongly compensated (compensation lev&D6{%),

L ARV RRRRIE sondee arc coment i e much e it owe
L RETETTIEATHOTITOTIIY | wren certing an apumat nourat reactor tor

I determined compensation level, the mutual admitané
transmission system admittance-matrix achieveslatgest
value.

Each transmission system needs a specific study tha
-12000.0 0.1 0.2 03 0.4 05 06 07 s 08 checks the probability of a successful SPAR. Thmesa,

(file Teste-Param-Distr-500kV-900km-CShextrem.pl4; x-var t) c:IF -XX0035 Value can be inadequate for SyStemS W|th the Saﬂﬁag@
Fig. 12. larc for 900 km line with neutral reac¥r= 800Q. . .
level or lines with same length.

The correct sizing of the neutral reactor of shunt gegjges the secondary arc current, the voltagdetatc

compensation banks has resulted into secondargwrent .. inals and at the openned phase ends should balso
reduction. With the appropriate neutral reactoec#bn these analyzed

low arc current values should result in succesSBIAR,
without the need of additional mitigation procedure REFERENCES
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