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This paper describes a novel idea for fast protection of parallel series-compensated transmission lines operating in
various configurations. It is based on the logic diagram of flag signals, which are determined using only one-end phase
currents measurements. The developed method has been tested and evaluated using signals obtained from computer
simulations. The detailed models of considered transmission line including the SC&MOV banks as well as the
measurement channels have been developed. Using these models, the reliable data for fault on a double-circuit series-
compensated transmission line, as well as for faults outside the line, have been generated under variety of fault
scenarios. The sample test-case results of algorithm operation, as well as statistical evaluation are presented and
discussed. References 10, table 1, figures 5.
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I. Introduction. The parallel series-compensated lines (Fig. 1) are very important links between the power
generation and energy consumption regions. All the advantages relevant for both the parallel arrangement and the series
capacitor compensation are the primary reasons for increased use of such the transmission links. However, installation
of series capacitors banks (SCs), equipped with nonlinear Metal-Oxide Varistors (MOVs) for overvoltage protection, on
transmission lines causes certain problems for protective relaying and fault location.

Series capacitor shifts the fault-loop impedances which may result in tripping the healthy line. Additionally the
misoperation trips are reported for faults outside the protected line. To avoid this misoperation the present practice relies on using
traditional distance relays but with modified settings. Considerable shortening of the first zone of distance protection reach to
30-40% instead of 85% is applied. As a result of
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for testing protection algorithm in various operational configuration of the line during various internal faults (F1 or F2), as well as
external faults (F3 or F4)). The directional element on the healthy circuit may be confused, and also moves into the trip
area. That makes difficult or impossible the correct discrimination on the unfaulted line [1, 2].

Next important issue is connected to reliable determination if the fault is internal i.e. within the parallel line
(between Bus A and Bus B) or external i.e. outside the line, and moreover the circuit of the line is supposed to be
faulted. Simple assumption that during the fault in the line the currents in one of the circuits of the line should be
significantly higher compared to the second circuit, in contrast to an external fault when the currents are quite similar in
both circuits (in terms of amplitude and phase of phase currents) is quite good in case of parallel lines without series
compensation. However, for series compensated lines, due to many reasons, currents observed in both circuits of the
line may be pretty much the same instantly after internal fault occurs. Such transient period may last even 2-5 cycles
after fault, and therefore the above assumption does not longer remain true. This makes the classical protection schemes
may take wrong decision and consequently trip the healthy circuit of the line. This problem becomes even more serious
in situation when the parallel circuits of the line have different parameters, e.g. due to different series compensation
factors in each of the circuits.

Everything mentioned above create serious problems for distance protection as well as for coordination of the
protection systems [3, 4]. A literature survey carried out shows, that so far have not yet been developed satisfactory and
reliable algorithms for healthy/faulty circuit discrimination for series compensated parallel lines [5]. Although, many
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protection algorithms for double-circuit lines have been presented in recent years, but only few of them are concerned
with series compensated lines [6—8]. Moreover, those algorithms are based usually on two-terminals data, and utilize
both voltages and currents. One-terminal algorithms appear more attractive since they rely only on currents and/or
voltages measured at common terminal and, therefore, no additional communication have to be provided between both
terminals of the line. The new method which overcomes all mentioned problems is described in the paper. Method may
be an important supplementation of the high-speed protection for double circuit series compensated line in existing
protection systems.
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Fig. 2 The block diagram of such proposal is given in Fig. 2.

The samples of three-phase currents from both parallel
lines (Line #1 and Line #2, as shown in Fig. 1) are the algorithm input signals. Current signals should be sampled with
sampling frequency that provides at least 20 samples per cycle. Currents are taken only from one end of the line.

Based on input currents there are determined flags for both circuits of the parallel line: PH_SEL, DIR Z1,
IMP_HS1Z, Internal/ External, FAULT #1 and FAULT #2. Then flags’ signals enter the logic units which eventually
form a trip signal for each of the lines. Logical units essentially perform the function of a logical product, but with some
additional time constrains. This process is carried out in parallel for each of the fault loops A-G, B-G, C-G, A-B, B-C
and C-A. For high operational reliability, the algorithm is blocked 20 ms after the moment of fault detection (as
evaluation tests have shown, more than 90% of faults presented algorithm trips within one cycle time window).

III. Test results. The series-compensated 400 kV, 300 km double-circuit transmission line was studied. Series
capacitors (SCs) providing the compensation at 35% rate, were considered as installed at both ends of the line. Different
scenarios with changing of a fault place and type, fault resistance, fault angle, pre-fault load of the line and equivalent
system impedances were performed for evaluation of the presented algorithms. All faults took place in the Line #1 (F1),
or in one of the systems A (F4) or B (F3). No fault was in the Line #2. The total number of tests considered in the study
was 2,568 cases for each tested configuration type of the parallel line. Figs. 3 and 4 are concerned with test case of A-G
fault in Line #1, at 0.50 p.u., Ry = 5Q, f4, = 0.06 s. in unbalanced double circuit series compensated line (SCy, is
bypassed as given in Fig. 1). The waveforms of input phase currents and flags as action sequence processed by relay for
both lines are shown. It can be seen that in the Line #1 output Trip flag is set in 4 ms after fault detected (5 ms after
fault occurs), and no trip in Line #2 at all.
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Line #1 (F1), or in one of the systems A (F4) or B (F3). No fault was in the Line #2. The total number of tests
considered in the study was 2,568 cases for each tested configuration type of the parallel line. Figs. 3 and 4 are
concerned with test case of A-G fault in Line #1, at 0.50 p.u., Ry=5Q, #,,= 0.06 s. in unbalanced double circuit series
compensated line (SC,, is bypassed as given in Fig. 1). The waveforms of input phase currents and flags as action
sequence processed by relay for both lines are shown. It can be seen that in the Line #1 output Trip flag is set in 4 ms
after fault detected (5 ms after fault occurs), and no trip in Line #2 at all.

Table presents the results of extensive evaluation of presented method for the compensated line as well as the
two variants of the unbalanced line operation. It can be seen that in the first case, the method has efficiency close to
100% for faults in whole length of the line, whereas in the asymmetrical cases — around 85%, which is still very good
result considering huge parameter asymmetry of the line circuits. Average operating time is 5-10 ms, the shortest time
is 4 ms and the longest time is 20 ms.

Number of correct operations

Total Symmetrical parallel line Series compensated parallel Series compensated parallel
Fault location number of  with series compensation at line with SC,, bypassed at line with SC,;, SC,, bypassed
test cases both ends remote end of the Line #2 at both ends of the Line #2
at BUS A at BUS B at BUS A at BUS B at BUS A at BUS B
Outside of the line 3696 3696 3696 3696 3696 3686 3591
= o (system A, Busbar A) (100.0%) (100.0%) (100.0%) (100.0%) (100.0%) (97.2%)
o .=
% g .. Inthe Line #1: 22176 21292 21343 19293 16062 16589 16873
g g % g (0.0 = 1.0 pu of the line) (96.0%) (96.2%) (87.0%) (72.4%) (74.8%) (76.1%)
N g 5 [‘:‘f In the Line #1: 18480 18433 18429 17792 15249 15774 15899
=% (0.0 = 0.8 pu of the line) (99.7%) (99.7%) (96.3%) (82.5%) (85.4%) (86.0%)
i Outside of the line 3696 3696 3696 3673 3696 3696 3696
(Busbar B, system B) (100.0%) (100.0%) (99.4%) (100.0%) (100.0%) (100.0%)
= Outside of the line 3696 3696 3696 3696 3696 3696 3662
E & % (system A, Busbar A) (100.0%) (100.0%) (100.0%) (97.6%) (100.0%) (99.1%)
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& g E 8 (0.0 = 1.0 pu of the line) (100.0%) (100.0%) (100.0%) (100.0%) (99.9%) (99.9%)
5 5] Outside of the line 3696 3696 3696 3696 3696 3662 3696
& (Busbar B, system B) (100.0%) (100.0%) (100.0%) (100.0%) (99.1%) (100%)
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Fig. 5 shows “HS1Z relay” operating time as a
function of distance to the fault for fully compensated line,
where average tripping time is from 5 up to 11 ms.

IV. Conclusion. This paper proposes a new method
for protection of parallel series-compensated lines and uses
one-end phase currents measurements only. The developed
algorithms have been tested and evaluated using signals
taken from ATP-EMTP [10] simulations of faults on a
series-compensated transmission line in some different
working configurations. The performed evaluation of the
algorithm has shown that it is fully stable covering
effectively almost 100% of the actual line length. The
number of correct fault classification is near 100% in the
cases of symmetrical parallel line, and remains above 82% in

situations where line is unbalanced. Furthermore, as extensive evaluation have proven, algorithm is 100% resistant to faults
outside line — there is no trip at all, as well as, it is almost 100% resistant to faults in the second circuit of the line — only
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very small number of unwanted trips occurred, however with long tripping time, above 30 ms i.e. when the relay has been
already blocked. The presented method is very fast and operates in less than half of the fundamental frequency cycle.
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IIpeocmaenena mogas udes ObicmMpou 3aujumsl NAPAIIETbHBIX JUHULL 1eKmponepedaiu ¢ npooObHOU EMKOCHOU
KoMRneHcayuel, pabomaiowux 8 pasiuynslx kongueypayuax. Moes ocnosana na obpabomre 102uteckux cueHaios, Ko-
mopvle onpeodensiomcs MobKo ¢ NOMOWbIO UsMepeHus gasuvix mokos. Ipedcmagiennviii Memoo ObLT Mecmuposan u
OlYeHeH nO CUSHANAM MOKA U HANPAICEHUSA, NOTYYEHHbIM 6 Pe3YNibmame KOMNbIOMEPHO20 MOOENUPOBaHUA (peanu3ayuu
npoepammsr ATP-EMTP). Paspabomatsl noopodHbie MOOenu paccCMampusaemMoll JUHUY dJIeKmponepeoayu, eKIouds
oanxu SC & MOV, a maxoice kananol usmepenus. C UCHONb308AHUEM MAKUX MOOeell Obliu NPOBePeHbl PA3IUYHbIE
mecmogvle CyeHapuu RPoUcXo0auux nospesicoeruil. [lpedcmasnensi u 00CyicOeHbl NpUMepbl MeCHO8bIX Pe3VibInamos
pabomul aneopumma, oana ux cmamucmuyeckas oyenka. bubn. 10, tabmn. 1, puc. 5.

Kntoueswvie cnoga: nUCTaHIMOHHAS 3alUTa JIMHAY, IPOTOIbHAS KOMIICHCAIMA, OBICTpas 3alUTa JIMHUY, TIapaJlIesIbHas
JIMHHSA JIEKTPoIepeaadn, OOHapyKeHHEe HEUCIIPABHOCTEH.
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Ilpedcmaeneno Hogy ider0 wWeUOKO20 3aXUCMy NAparelbHux Ninill enexmponepedadi 3 n03008ICHbOI0 EMHICHOIO KOM-
nencayicio, wo npayiorms y pisHux Kongicypayisx. loes zacnoeana na 0OpoONeHHI I02IYHUX CUSHANIS, AKI GU3HAYA-
I0MbCS e 30 00NOMO2010 UMIpIO8anist hasnux cmpymis. Ilpedcmasnenuti memoo 6y10 RPOMeCmo8ano i OYiHeHO 3a
CUSHANAMU CIMPYMY I HANPY2U, OMPUMAHUMU Y Pe3YIbMami KoMn 1omeprHoeo mooeniosanus (peanizayii npoepamu ATP-
EMTP). Pospobneno oemanvHi moodeni aiHii enekmponepedaui,ujo posensioacmucs, skmouaroyu oanku SC & MOV, a
MAKOIC KAHAU GUMIDIOBAHHA. 3 GUKOPUCMAHHAM MAKUX mooenetl 0y10 nepesipeno pisHOMAnimui mecmosi cyenapii
BUHUKAIOYUX NOWIK0Odcenb. TIpedcmasieno ma 062080peHO NPUKIAOU MeCmOBUX pe3yIbmamis pobomu aneopummy,
daro ixuro cmamucmuyny oyinky. biomn. 10, Tabmn. 1, puc. 5.

Kntouosi cnosa: MUCTaHIIAHWA 3aXUCT JIiHII, MO3TOBXHS KOMIICHCAIis, IMBUAKICHAN 3aXWCT JiHIi, mapajerbHa JiHisg
eJIEKTpOIIepe/iayi, BUSBICHHS HECITPABHOCTEH.
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