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A New PMU-Based Fault Location Algorithm for
Series Compensated Lines

Chi-Shan Yu, Chih-Wen LiuMember, IEEESun-Li Yu, and Joe-Air Jiang

Abstract—This paper presents a new fault location algorithm also render the compensation voltage difficult to estimate.
based on phasor measurement units (PMUs) for series compen-To resolve the problems mentioned above, [1] has proposed
sated lines. Traditionally, the voltage drop of series device is com- a piecewise approximation model of MOV for distance relay

puted by the device model in the fault locator of series compen- . . .
sated lines, but using this approach errors are induced by the in- application. Although the equivalentimpedance can be used to

accuracy of the series device model or the uncertainty operation Calculate compensation voltage, the piecewise approximation
mode of the series device. The proposed algorithm does not uti- model of SCs/MOV s incorrect during the transient period
lize the series device model and knowledge of the operation modegfter the fault inception or when the nonlinear resistor is
of the series device to compute the voltage drop during the fault in some conducting mode [5]. Additionally, the nonlinear

period. Instead, the proposed algorithm uses two-step algorithm, .
prelocation step and correction step, to calculate the voltage drop thyristor controlled reactance (TCR) branch of the TCSCs [2],

and fault location. The proposed technique can be easily applied to [3] systems will introduce some new difficulties in computing
any series FACTS compensated line. EMTP generated data using athe compensation voltage. For example, when the fault current
30-km 34-kV transmission line has been used to test the accuracy js |arge, the TCR branch will operate between the block mode
of the proposed _algorlthm. Th_e tested cases_mcluqle various fault and bypass mode [2]-[4] to protect the capacitor and MOV.
types, fault locations, fault resistances, fault inception angles, etc. . .
The study also considers the effect of various operation modes of _On the other hand, when the fault current is small for the high
the compensated device during the fault period. Simulation results impedance ground fault, the MOV does not conduct and the

indicate that the proposed algorithm can achieve up to 99.95% ac- TCR branch will remain in the vernier mode operation. This

curacy for most tested cases. will also introduce some oscillation into the compensation
Index Terms—FACTS, series compensation, synchronized Voltage. Such an oscillation of the series capacitor voltage
phasor measurement units. will cause further oscillation in the fault current. For the

above phenomena, an accurate simulation analysis for the fault
location of series compensated lines is difficult to achieve.
Implementing the fault location algorithm based on a model of
N THE last two decades, the power electronic applications¢eries compensation devices thus becomes impractical.
ac power systems have provided many benefits. Applying seRecently, some studies associated with the easy analysis of
ries compensation in power systems can increase power transtgies device models have been proposed in [6]-[8] and all pro-
capability, improve transient stability and damp power oscill@luce satisfactory results. However, these algorithms must still
tions. However, since the variation of series compensation voltagged to consider the model of series device to compute voltage
remains uncertain during the fault period, the protection of powerop, limiting the accuracy of fault location. For example, the
systems with series compensated lines is considered as one ofagection functions of series devices are too simplified in [6],
mostdifficulttasks andis animportant subject ofinvestigation f¢v], while [8] ignores the switching among different operation
relay manufacturers and utility engineers. modes that initiates from the protection function. Thus, those
Series compensated systems can be mainly catalogued ditforithms inevitably suffer errors due to inaccuracy of the
switched capacitors (SCs) systems and thyristor controlladopted models. Since the algorithm proposed here need not
switched capacitors (TCSCs) systems. Typically, the mainilize the series devices model, the uncertainties mentioned
problem in designing series capacitors protection systemsalsove can be resolved completely.
overvoltage protection of the capacitor itself. The new metal To overcome the above problems, various protective schemes
oxide varistor (MOV) has been widely used in recent yeatsilizing information from traveling waves launched by distur-
as an overvoltage protection device for the series capacitdsances have been suggested. The high frequency components
However, the nonlinear characteristic of MOV will affect thén fault waveform present undesirable effects for most fault lo-
compensated voltage of SCs/MOV in fault period. Moreovegation algorithms and are essential for accurate fault detection
additional transients introduced by the MOV systems wilind location [9], [10]. Meanwhile, a fault detection/location al-
gorithm derived from traveling wave principles can cope with
Manuscript received February 1, 2000; revised June 13, 2001. high frequency transients since these basically depend on the
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the need for a high sampling rate for identifying the signal alsurement units are installed at both ends of the transmission
limits the application of the method. line. The three phase voltages and three phase currents are mea-
The synchronized PMUs-based fault detector/locator tecsured simultaneously by PMUs at both ends of line. The global
nigue has been proven effective for fault relaying of transmissisgnchronism clock generator (GSCG) [13] has been built in
line without series compensation device [12]-[14]. Howevethe PMUs to provide an extremely accurate and reliable ex-
when the series compensation device is installed in the transntégnal reference clock signal. The sampling synchronization of
sion line, the previous proposed technique must be incorporal®dU-GSCG configuration has been verified via field tests of
with the series device model to estimate voltage drop of seri&@ipower 161 kV substations to an accuracy of better than 1
device in fault location computation. This study proposes a news. The performance of the proposed PMU units has also been
approach, only considering synchronous measurement data framoved in [13], [14].
both ends of the transmission line, to estimate fault location of aThe proposed algorithms are tested using the data generated
series-compensated transmission line. The proposed algoritihom EMTP. The EMTP simulated voltage and current wave-
excludes voltage drop calculation of the series compensation ttems were taken directly as the synchronized sampled data
vice. Instead, two-iteration step, prelocation and correction stgpsltages and currents) from substations. The simulation ex-
are used to calculate voltage drop and estimate fault locati@mple is a 300-km 345-kV transmission line. This work uses a
This simplifies precise fault location estimation. Besides, sincew discrete Fourier transform based algorithm [smart discrete
this algorithm does not use the series device mode, the propoBedrier transform (SDFT)] to calculate the fundamental pha-
fault locator is easier to design and implementation. sors. For more details, readers should consult [13], [15], [16].
When the series compensation device is installed in the middlbese phasors are then transformed by Sequence transformation
of transmission line buses where PMU is located, fault locati¢h7] and used as the input data of the new fault location algo-
must be decided with respect to the series compensation devidgém. Next, the proposed locator performs subroutines 1 and 2
In [7], a simple selecting algorithm based on fault resistance Has simultaneously computing the fault locatiod34, D) and
been proposed. This selecting algorithm is one-terminal bassgliivalent impedance of the series deviéefr,, Zsrr). This
method and is not suitable for some fault cases. The investigéep uses the Gauss-Seidel numerical method [18]. During this
tion follows [7] in developing a skillful selecting algorithm basedtage, the technique generates two fault locations respectively
on two-terminal measurement. Section Il and the Appendix witlelonging to either side of the series device, however, only one
clearly demonstrate that the proposed selecting algorithm is giprecise. In succeeding step, the proposed selector can select
perior to thatin [7] in several ways. Not only can the proposed dhe correct fault location. Finally, the proposed model uses the
gorithm determine the correct faulted sides, it can also effectivaytput O, Zsg) of the selector to double check the fault type.
double-check the fault types and achieve more physical insightsis procedure determines whether or not the input fault type is
of theory utilized. correct or not. It should be noted that, due to limited space, the
To resolve the difficulties in determining the model of serietssues of fault detector associated with the series-compensated
compensation device under fault occurrence, this study presdimtg are ignored here and will be dealt with in a later investiga-
anovel PMUs-based fault location scheme. The rest of this pagien.
is organized as follows. Section Il presents the system configu-The main contributions of this work are as follows.

ration of the proposed PMU based fault location technique and1) A novel fault location algorithm based on synchronized
then lists the contributions made by this investigation. Next, measurements is developed, in which the series device
Section Il begins by describing the theory utilized to determine  model is not required.

the fault location of a TCSC-compensated, short single-phase2) The proposed location algorithm is suitable for any se-
transmission line, whose capacitance charging effectisignored.  ries compensated FACTS devices that have no additional
The proposed fault location technique is then extended into a  shunt branch or phase shift contribution on line currents.
two-step fault location algorithm for cases involving transmis- 3) Simulation results demonstrate that the proposed algo-
sion line shunt capacitors. Furthermore, this section proposes rithm is effective in choosing correct fault location with

a skillful selector for selecting the correct faulted sides with respect to the series device.

respect to series compensation device and proposes a method @) A method is successfully proposed for double-checking
double-checking the input fault types. A 345 kV sample system  the input fault types.
is used to evaluate the accuracy of the proposed algorithmss) This work successfully applies the proposed algorithm

with respect to different fault types, fault locations, and fault to EMTP based systems, in which an accuracy of up to
resistance. Next, Section IV presents the simulation results of  99.95% is achieved for most tested cases.

the performance evaluations. These simulation results come

from extensive EMTP [19] tested case. Meanwhile, Section V

discusses some special phenomena from the simulation studies

in detail. Conclusions are finally made in Section VI. The proposed algorithm is derived using the following as-
sumptions:

1) the fault impedance is pure resistance;
2) the fault type is known.

Fig. 1 illustrates the overall diagram of the PMU-based fault The assumptions above are common in the literature dealing
location system for a series compensated line. The phasor medh the fault location issue.

I1l. PRINCIPLES

Il. SYSTEM CONFIGURATION
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Fig. 1. System configuration.

The basic principle of the proposed algorithm is first illus-
trated via a simple single-phase case and is then extended to the Tk
case of a three-phase transmission line with shunt capacitance. BT

A. TCSC and Its Operation Mode

This work only considers the thyristor controlled series com- &
pensator (TCSC), and ignores other series compensation de- AC |
vices. However, the fault location technique proposed here can Ls |
be easily extended to any type of series compensation device
that has no additional shunt branch or phase shift contribution on
line current. Fig. 2 shows the basic structure of TCSC. During
the fault period, this study considers three different operation
modes that are controlled by the protection function of TCcseY
[4]. The basic principles of these modes and the switching policy
between them are briefly described as follows. can be considered a resistance series combination with a capac-

1) Vernier Mode: In high-impedance fault cases, TCSGtor. Since the high resistance characteristic is introduced by the
constantly remains in its vernier mode of normal operatioMOV, the subsynchronous resonance will decrease in voltage
Therefore, the protection function of the TCSC device does rard current signals and the exponential dc-offset [15] activity in
work. The TCR branch is triggered by its prespecified firinghis mode.
angle. The TCSC works as a variable impedance. Voltage3) Bypass Mode:When the energy absorbed in the MOV
or current signals may exhibit subsynchronous resonammeceeds its limitation, the TCR branch enters its bypass mode
oscillation in this mode. to protect the MOV and capacitor, and the TCSC from the

2) Block Mode: When the TCSC detects the overvoltageBlock mode entering their bypass modes. In this mode, the
the TCR branch stop its firing sequence by a protection fun€CR branch conducts in the whole cycle, and the TCSC device
tion. Herein, the TCSC device works as a series capacitor paerves as a small value inductance. The voltage and current
allel combination with a MOV. In considering the equivalensignals will only contain a exponential dc-offset since the
MOV circuit proposed in [1], the combination characteristid@ CSC equivalent impedance is pure inductance.

2. Basic structure of TCSC.
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Fig. 3. Ground faulted transmission line.

This study considers all of the above three modes to demon-Therefore, the measured da¥4, Is) and Vg, Iz) and (1)
strate the protection of TCSC in detail. can be used to calculate tMe- andIx, i.e., by substituting (2)
and (3) into (1), giving

To illustrate the basic idea of the proposed algorithms, this Re{Vp} x Tm{lp} = Re{Ir} x In{Vr}. )

work first considers the single-phase series compensated lingotably, the only unknown variable in the above equation is

represented in Fig. 3. It considers the line as a short distange p.u. distanc® . The series device model is not used in de-

transmission line, that is, it ignores the shunt capacitance of tgng (4). Therefore, the per-unit fault locati@y is easily cal-

line. The series compensation device is installed at a distancegfated and the series compensation device model is not needed.

q [p.u.] away from the receiving end of the considered line.  Furthermore, when the fault occurs on the left-hand side of
First, thefaultisassumedtobelocated ontherightside ofthe #g= series devices, the reference pointwos: L can be inten-

ries compensation device. According to Fig. 3, the midway faulbnally changed, and the following relationships can be substi-

occurs at point” which isz = DgL (km) away from the re- tuted into (4):

ceiving endR of transmission lines R. The total length of the

transmission line id kilometers, and g (p.u.) is the per unit Vs =Vg, Vr=Vs, Is = —Igandlg = -Is. (5)

distance from receiving end to fault location. When a fault OCCUISThe above substitution makes it easy to obtain a new per-unit

at point#', the transmission line is divided in two line sectionse, it |ocation (denoted aB’) respective to theeferencex —

One i's line sectio £, yvhile the.other s line seqtioRF. L. Whenz = 0 is taken as the reference point, the final per-unit
Using the assumption 1, it is easy to obtain that the phaﬁ%n location can be computed froB;, = 1 — D'

relationship at point” can be expressed as So far, the proposed scheme has only generated two values of

B. Single Phase lllustrative Case

Arg(Vp) = Arg(Ip) (1) DP=r andD_L, and wh_ich oneis .the exact fault location remains
undetermined. A skillful selecting algorithm that can easily re-
where theArg(e) represents the phase angle. solve the mentioned problem will be overlooked here and dealt

Since the ground fault occurs on the right-hand side of thgth later.
series compensation device, the line secfitdi can still be re-
garded as a perfect transmission line (no series device). ThQs, Three-Phase CaseWith Shunt Capacitance
the voltage at any point on the line sectiéi#’ (including the

¢ g ] Since this case considers the shunt capacitance of the line, the
fault end point) can be easily solved BV L, i.e.,

currentslgr andIsy entering the fault poin#’, as indicated
Vi =Vg—IzDrZ; =Re{Vp} +m{Vr} (2 in Fig. 3, will not equal the currentbz andIs as measured

at the receiving and sending ends, respectively. The distributed

whereZ, is the total impedance of the considered line, Bnd  model of the long distance transmission line can be used to cal-
is the per-unit value of the fault location. culate these currents. However, the curiet can’t be calcu-

Additionally, the currentd - at line section" R andlsr at  |ated with the transmission line model, since the voltage on the
line sectionSF" also equal the currents measured on receivinght-hand side of series compensated device is unknown. Thus,
and sending ends (ignored shunt capacitance), respectivgig relation of (3) is difficult to achieve and the proposed algo-
Thus, the fault currerty = Irr +Isr can also be obtained asrithm cannot be directly applied in this case.

Applying the idea mentioned above to a three-phase trans-
mission line with shunt capacitance, the proposed fault loca-
=Is+1r tion algorithm must be modified and extended to a two-step al-
=Re{lr} + jIm{Ir}. (3) gorithm—the prelocation and correction steps. The prelocation

Ir =1grr + Isr
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step is to calculate feasible initial fault location, providing adiagonal matrices, and the diagonal entries of matidggs and
initial value close to the correct fault location. Then, the corre® 12 are €o, Z1, Z2) and (Yo, Y1, Y>), respectively. Thus,
tion algorithm is applied to calculate the correct fault locatiorf11) represents three decoupled sequence systems whose solu-
meaning the model of the series compensated device is still tiohs can be written as
needed.
Now, let Fig. 3 also represent a one-line-diagram of the =~ Vm = Am exp(mX) + Bm exp(—7mXx)
three-phase transposed transmission line, which consists of Ly =[Am exp(YmX) + Bm exp(—¥mX)|/Zem  (12)

hasez, b, ¢ anda ground wires. Subscripts and R label the . .
b % C @ ground wi . P ere the subscripth denotes 0, 1 and 2 sequence variables,

sending and receiving ends of transmission line, respective;g.; \/—
= xm/Ym IS the characteristic impedance, and

Fig. 3 displays that the quantities at each end are all vectors
phase voltages and currents. Ym = \/Z Y., is the propagation constant. Meanwhile, the

The voltages and currenis (km) away from the receiving CO”ZF?mSA"f‘ ar;td B, cag be de'E[ermlned b):j thtebbct)# nda(tjry f
end are related through partial differential equations [18]: conditions of voltages and currents measured at both ends o

the line.
v “RI+L o1 Since the fault location with respect to the series compensa-
Ix ot tion device is unknown prior to fault location estimation, the
o1 A proposed fault location algorithm will first calculate two loca-
=GV+C— 6) ; ; ;
ox It tions via subroutines 1 and 2 simultaneously. These two faults

where bothV andT are 3x 1 vectorsR, L, G andC are all are assumed to occur at right- and left-hand sides of the series
3 x 3 transposed line parameters matrices with similar form@e‘”ce respectively. Then, this work follows the approach pro-
posed by Sahet al.[4] to develop a skillful selector for exactly

such as d|st|ngmsh|ng the true fault site. The following section explains
Ls Ly Ly this skillful selector.
L=|Ly Ls Lp|. @)
Ly Ly Ls Subroutine le Fault Location for the Right Side of the Series

Compensation Device
Under sinusoidal steady-state condition, (6) can be rewritten P

as The description of subroutine 1 is divided between the prelo-
oV cation and correction steps.
o YA\ Prelocation Step: The basic concept in the simple illustrative
X cases is extended and modified to become the prelocation step.
[l —YV 8) This study discusses the prelocation algorithm with respect to
ox two types of faults and is easily extendible to other fault types.
whereZ = R + jwL andY = G + jwC. 1) Three Phase Shorted Fault Casklerein, we only use
To decouple phase quantities, this work uses the symmethe positive sequence component. The equations of fault voltage
component transform [18] as follows: and fault current on the fault locatian= D can be expressed
- - as follows:
Va, VO
V,| =T |V, V=V
Ve V2 _Vr t1IrmZc exp(1DxL)
L] B 2
I, | =T |1I 9 Vg1 — IgiZ
Ii I; ( ) + R1 2Rl C1 eXp(—’leRL)
where 0, 1, and 2 represent the symmetric components of the =Re{Vp1} + jlm{Vp:} (13)
voltage and current quantities, and the sequence transformation Io—1
matrix is as follows: B
1 1 1 =Irp1 +1Ism
T=1|1 & « 10 A% 127
Lt (10) _ [w exp(nDrL)
wherea = 1/120°. Substituting (9) and (10) into (8) gives the Vil - TmiZect .
following sequence equations: - 5 eXP(—’YlDRL)} Zgy
IVo12
=Zo12L Vsi1+1Is12
Ix 0121012 [ S1 S14C1 Xp(’leRL)
o 2exp(7.L)
"2 — Y12 Vi (11) Vs —Is1Zc .
Ix - ﬁexp(—leRL) Z_,
whereZp12 andY;2 are the sequence impedance and admit- exp(1L)
tance matrix, respectively. The matrice€f > andY ;- are all =Re{Ip1} + jlm{Ip }. (14)
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Thus, the relation of (1) can be rewritten as promote the accuracy of fault location. Substituting (17) and

(18) into (19), gives
Arg(VFl) = Arg(IFl). (15)
Re{Vro+ Vr1 + Ve } x Im{(Iro +Ir1 + Ir2)/3}
Using the same treatment with single-phase case, the per-u_nif%{(IFO_i_:[F1 F1p0)/3 xIm{Vpo+Vpi+ Vi), (20)
initial fault location Dy can then be easily calculated by the
following equation: This equation allows easy calculation of the per-unit initial
fault locationD g.
Re{Vpi1} x Im{Ip;1} = Re{Ip1} x Im{Vp1}.  (16) Correction Step: Since the voltagd/ sz z of right-hand side
_ ) o of the series compensated device in Fig. 4 is unknown (that is,
2) Single Line to Ground Fault CaseTo simplify the ex- he yoltage drop of series compensated device is unknown), the
pression, the following two functions;: and’; can be defined gphynt charging current between the series compensated device
as follows: and the fault end point is also unknown. Thus, when the pro-
posed fault location algorithm is directly applied to transmis-

Fv(Vr, Ir, Zc; %, Dr) sion line with shunt capacitance, the main error will be induced

_ Ve+IrZc from the unknown voltage drop of series compensation device.
= ————exp(vDrlL) . . X . )
2 This section proposes a novel correction algorithm to adjust the
Vi — IrZc prelocation result to a correct solution and to calculate correct
- 9 exp(—vDrL) voltage drop of the series compensation device without using the
Fy(Vs, Is, Vie, In, Zes 7, D) ?jlr(l)t\e,vssdewce model. The solution to the problem is described as
| Veri+IriZc Dol Herein, Vsgr, is used to represent theh iteration value
- 2 exp(yDrL) of Vsgr, Wheren = 0, 1, 2, .... Initially, (n = 0), the prelo-
Ver — Ini 7 cation step ignores the difference betw&épgro andVsgr,
_ YRL T FRIZCL exp(_,leRL)} zzt (the voltage of left-hand side of the series compensated device)
2 and the algorithm computes the fault locatiog and fault end
Vs + IsZc voltageV ro. These two computed values then serve as feasible
[W(’YL) exp(1DrL) initial values in the correction step.
Fig. 4 indicates that the transmission line is modeled as a
_ Vs —IsZc exp(—’yDRL)} 7zt two-port hyperbolier-model between the fault location end and
2exp(vL) ¢ the series compensated device right-hand side, i.e.,
The derivation mentioned above can be directly applied to Zp =7, sinh(~])
this fault case. Meanwhile, the relation between fault voltage .
and current at the fault location= DL can be expressed as Y/2=1/Z.tanh(51/2) (21)
follows: wherel = (¢ — Dg)L (km) is the line length of ther-model
transmission line.
Vi=Vro+Vr1+Vpo Since the series compensation device does not influence
= Fv(Vro, Iro, Zco, 0, Dr) the current flowing through it, the currebtg;, flow into the
+ Fy (Vi Tri, Zet, 71, D) left-hand side of series device will equal the currdgi-r

+ By (Vi Tra, Z Dx) flow out from the right-hand side of the series device. Thus,
VAV R2, LRz, 802, 12; VR the two-port circuit enclosed by dashed line has two input
=Re{Vro + Vr1+ Vra2} parameters, one is the correct input curgtr and the other

+jIm{Vro+Vr1 + Vg2 } (17) is the voltageV zo computed from the prelocation step. The
basic circuit theory indicates that the input voltader 1 (the
Ir = (Tro +Ir1 +1r2)/3 second iterative value) of the two-port circuit can be easily
=[F1(V so0, Iso, Vro, Iro, Zco, Y0, Dr) calculated as

+ Fr(Vsi, Isi, Vri, Irt, Zey, 11, D
1(Vst, Ist, Vs, Lrs, Zews 71 D) Vser = Zr/(1+Y/2 X Zr)Ispr + Vro/ZEr). (22)
+ Fr(Vsz2, Is2, Ve, Ir2, Zc2, 72, DR)|/3 .
=Re{(Iro + L1 + Ir2)/3} Therefore, a new fault location problem can be constructed.

) The transmission line being considered is located between the
+ jIm{(Tro + Lr1 + Ir2)/3}- (18) o terminals of(Vseri, Iser), (Vr, Ir), enclosed by the
otted line in Fig. 4. The line length of the new systenyis
m) and the transmission line between these two terminals has
no series compensated devicds = Vsgri, Is = Isgr
Arg(Vpo+ Ve 4+ Vi) = Arg[(Tpo + Ip1 +Ip0) /3] (19) can be substituted into the prelocation algorithm proposed in
the previous section to calculate a new fault locafian and
where the average value of three sequence current componéni#t end voltagéV g . These two parameters allow the third it-
is adopted as fault path current. From our experience, this anative value of voltag® sgr. (i.€., Vsgr2) to be once again

The equivalent network of fault analysis reveals that the rel
tion of (1) can be expressed as
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computed from the iterative formulas (21) and (22). The prake final per-unit fault location can be computed frdd, =
posed algorithm will repeat the procedure until fdDlis accu- 1 — D’.

rately located. This investigation reveals that the proposed algo-

rithm usually takes 34 iterations to accurately locate a faultD. Fault Selector

Thus, the fault location for a series compensated transmissiomccording to our results, the fault location calculated on the
line is straightforward using the proposed algorithm and the dgcorrect side may sometimes have no unique converged solu-
vice modelis still not required. The flowchartin Fig. 5 describegon, Instead, solutions will follow a large oscillating trajectory.
the prelocation/correction two-step algorithm. Additionally, fault location calculated on the incorrect side will
become divergent and will sometimes have no solution. Thus,
selecting between two fault location solutions (calculated from
subroutine 1 and subroutine 2) in these cases is simply a matter
When the fault occurs on the left side of the series devicesf,choosing the one with less oscillation or more convergence.
the reference point on = L can be deliberately changed, subFurthermore, when the calculated fault locations of bBth
stituting the following relationships: andD, are all located on the same side of the series device, the
Vo=V Vi=Vs Is = —Igandly = -Is  (23) f;rgl;:gr?pproach from [7] can be used to select the correct fault
into the above two-step iterative formulas, and thus obtainingWhile the estimated fault location can discriminate between
a new per-unit fault location (denoted B®) in relation to the correct and incorrect sites, it still may be fail for some special
referencex = L. Whenz = 0 is taken as the reference pointfaulted situations. This work thus proposes a skillful selector for

Subroutine 2 Fault Location for the Left Side of the Series
Compensation Device
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selecting the correct fault site with respect to the series compe
sation device.

For systematically selecting the true fault location this sectic
proposes a skillful selection algorithm. The proposed two-ste
fault location algorithm can calculate the voltageVfgg in
Fig. 4. Additionally, the voltagd/ s g, of the point just in front
of the series device is also easily calculated from the transm
sion line equation. Thus, the voltage draV sg, of the series
compensation device can be calculatedMyr, — Vser. The Posl-fekt oy (oyoie)
equivalent impedance of the series compensation device carn.
calculated as

-

=
[ ]

‘@il bcabion O jpou.)

d
L]
Lo
i

B | 4 4.5 -1 a8 H
be . . .
ig. 6. Fault Location oD ;; (solid line) andD ;, (dotted line).

Zsp = AVge/Iser = Rse + jZgg- (24) the conditions of the input fault type. If the impedance charac-
teristics do not match these conditions, a signal can be issued to

If the estimated result of the fault location is on the cofhe fault type diagnostic block to request other fault type.
rect side, theR s will be a positive value (obeying the law of

physics). Otherwise, tHR& s ¢ will be negative (violating the law
of physics) for the incorrect side estimation. For example, when .
b—c line-to-line fault occurs on the right side of the series devicé. Algorithm Test

theRsgr of b-phase and-phase calculated from subroutine 1 This section evaluates the fault location algorithms proposed
will be positive. Otherwise, when using subroutine 2, the caere using some case studies. The simulation sample considered
culatedR sy, of theb andc-phases will be negative. Thus, thes g 300-km 345-kV transmission line compensated by thyristor
selecting criteria can be stated as: controlled switched capacitance (TCSC) with a compensation
The fault location of the estimated §é2x, Dr] that corre- degree of 70%. All the systems are modeled by EMTP. The pha-
sponds to positivéisg is selected as the correct solution.  sors are estimated using the SDFT [14], [15] filtering algorithm
The selection criteria can be easily demonstrated by the sijgorking at 32 samples per cycle. The total simulation time is
plified model of short distance transmission line and will be pr&oo ms and the error of the fault location is expressed in terms
sented in Appendix B. of percentage of total line length. Appendix A presents the pa-
The above-mentioned selection criteria can also be easiimeters of the sample system. As is well known, the different
applied to short distance transmission line cases that igneji@tection function design of TCSC will introduce different type
the shunt capacitor charging current. In this case, the voltagfi®listurbances into compensation voltage. Thus, the protection
Vser andVsgr can be easily calculated by VL, and the functions of TCSC must be considered when evaluating the per-
voltage drop of the series compensation device also canfBemance of the proposed fault location algorithm. For conve-
calculated. Thus, the same selecting algorithm can also fience, this investigation adopts the protection functions pre-
easily applied in this case. sented in [4].
Compared with the selection algorithm proposed in [4], the Case 1: Large Fault Currerifz Cases Basic Tests:In this
selection criteria proposed here have more physical insightgse, the TCSC device is installed near the midpoint at 135 km
Furthermore, the proposed selection criteria in this paper cgn= .45 p.u.) away from the receiving end of the protected

IV. PERFORMANCE EVALUATION

be used to double check fault type in the next section. line. Assume that a three-phase ground fault occurs at 150 km
(D = 0.5 p.u.). The fault resistance is set as 1 (Ohm).
E. Double-Check of Fault Type The fault locationd r andD, are computed from subrou-

This study assumes that the fault type is input from the oth@nes one and two simultaneously. Meanwhile, Fig. 6 plots the
diagnostic block. However, the fault type diagnostic block ma§stimations oD andDy,. At 2.5 cycles after fault inception,
produce incorrect output in some cases. To identify these sitdfa® proposed algorithms provide the following results.
tions, this section suggests a method for double-checking. 1) Only one prelocation algorithm is used:

When the equivalent impedan®@as g of series devices has Dgr = 0.3683 (p.u.),Dz = 0.5001 (p.u.).
been calculated, th&sg of the three-phase series device can 2) Two-step iteration algorithm is used:
serve as the three double-checking indices for the input fault Dpr =0.3682 (p.u.),Dr, = 0.50008 (p.u.).
type. For example, when three-phase shorted fault occurs, th&oth the prelocation and two-step iteration algorithms can
fault current flows through the three-phase series device simptovide accurate fault location in this case. Fig. 6 clearly
taneously. Thus, the three-phase equivalent impedance ofdidiplays that the incorrect fault locatio®y will contain
the Zs g must possess the same impedance characteristic, tmisiderable oscillation in five simulation cycles. Addition-
is, the MOV of theZsg all conduct (while all the three-phaseally, the equivalent resistance dRsgr and Rgsgr, also
of series device possess large resistance characteristic), or sfemvn in Fig. 7(a) and (b) respectively. One can note that
the three-phase series devices enter the bypass mode (whilgleeR.sgr is negative. Therefore, one can easily choose
Z s are all inductive). Therefore, tt#s r can be easily used asD = Dy = 0.50008 as the correct solution.
three indices of the fault type double-check to check whether theFig. 8 compares fault location calculation using DFT and
impedance characteristics of the three-pt#asg coincide with SDFT [13]-[16] filters. Obviously, the exponential decay of
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Fig. 9. Current waveform in TCSC device.

t = 11, since the overvoltage condition is detected by the TCSC
controller. The TCR changes to bypass mode at 15, since

the energy absorbs in the MOV is exceed its limitation. Notably,

the proposed algorithm can still easily provide the accurate fault
location result, whatever the complexity of the TCSC protection

function operates.

Case 2: Small Fault Currenl Casese Correction Step
Tests: In this case, the TCSC device is installed near the re-
ceiving end bus at 15 kmy(= 0.05 p.u.) and a single line to
ground fault occurs at 285 kni){ = 0.95 p.u.). The fault resis-
tance assumes 100 (Ohm).

The fault locationdD r andD,, calculated from subroutines
1 and 2, are shown, respectively, as follows.

1) After only one prelocation step

Dgr = 1.6733 (p.u.),Dz = 0.9869 (p.u.).
2) After three times two-step iteration algorithm
Dgr =1.0112 (p.u.),Dy = 0.9503 (p.u.).

When selecting between the above two locationB@afand
D, the solution ofD g exceeds 1.0 is easily ignored, and the
solutionDy, is the correct one.

Comparing the above two solutions of the only one preloca-
tion and two-step algorithm, the fault location error is clearly
large (error= 3.69%) when using only one prelocation step.
Additionally, when using the proposed two-step algorithm, the
fault location error can be reduced to 0.03%. Thus, the proposed
two-step iteration algorithm has been proven as a useful fault lo-
cation algorithm.

Case 3: Fault Type Double-Check Teatvhen the fault lo-
cation is calculated by the proposed two-step iteration algo-
rithm, the input fault type can be double-checked by the pro-
posed double-check algorithm.

In this case, the TCSC device is installed near the midpoint
at 135 km ¢ = 0.45 p.u.) and &-phase ta-phase line-to-line
= 0.8 p.u.). The fault resistance is

influence fault location when fault location is calculated by o510 (Ohm). Assume the fault type input from the fault type
DFT. When the fault location result is calculated using SDF [jiqngfic block is incorrect and given as a three-phase-short

then the calculated location would not have the same sl

Wilt. The incorrect fault location can still be calculated from

damping as in the DFT results. Instead, the calculated fa{.m3 two-step algorithm and the incorrect solutiondyf and
location converges very fast and an accurate location is easlﬂ)l{2 are shown as follows:

and quickly achieved.

Fig. 9 presents the detailed waveform of TCR currents, MOV

D = 0.5339 (p.u.), D = Divergence.

currents and line currents in TCSC device before and after a
fault occurs. The TCR switches to the block mode and the MOV Because the divergence resultdf; is easily ignored, the
begins to bypass the fault current when the fault starts to occufailt location is chosen & = D, = 0.5339 (p.u.).
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To double-check the input fault type, the equivalent seri¢ , 30 _
impedance calculated from (24) can be used as three indic _F Bhe o A T R AT L
Fig. 10(a) and (b), respectively, illustrate the real and imac = _ “‘HH £t
nary part of three-phasés . Notably, the three-phase equiva- E iy et - 1 : Phags A
lent impedance oLsy does not possess the three-phase-shc = g 2 :Phaga B
fault characteristic; that is, three-phdgggr does not have the 2 =@ : __3 PhaseC
same impedance characteristic. Actually, the impedance char &' -= /—_\
teristic seems like thie— line-to-line short fault. Thus, incorrect £ ;0™

fault type can easily be discovered. One signal can be sent to A
fault type diagnostic block to request new fault type.

In addition, when the input fault type is correct, the fault [oFi9- 12.  Imaginary part of three-phaie; -
cationsD;, andDg are shown as follows:

] ok 4 ik
Past-faull cycle (cycle)

impedance of phadeandc have the same characteristic. Thus,
D =0.7992 (p.u.) Dg = 0.4023 (p.u.). the input fault type is easy to double-check using tHésg in-

Fig. 11(a) and (b) indicates tfiesrr andRs gy, calculated dices.
from subroutines 1 and 2 respectively. Using the proposed se- . )
lector, the correct fault location is easily chosers- D, = B- Statistical Evaluation
0.7992, since the equivalent resistanBe;zr Of subroutine 1 This section evaluates the proposed fault location algorithm
is negative an® sk, of subroutine 2 is positive. Additionally, with over 500 test cases obtained from the EMTP simulator.
Fig. 12 displays the imaginary part of three-phdsg; and the It considers different fault types, resistances, locations, and in-
real part of three-phas&s g is the same as shown in Fig. 11(b)ception angles as statistical tests. It uses the same transmission
Notably, the three-phase equivalent impedancig of indeed line and series compensation device data as the previous sec-
possess thiec phase line-to-line fault characteristic; that is, théion. Table | summarizes all of these results. To save space, all
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TABLE |
STATISTICAL TESTING OF THEALGORITHM
Pault o Faultlocationemor (%)
Type f I0km  75km 150km | 225km | 270km
_ ave=0.0007  ave=(.00} ave=0 0034 lave=0 0000  ave=( 0007
012 max-0.001  ma Max=0006_max=00019 max=0 0009
Three 1 0 ave=0.0013 ave=0 0032 jave=0,0019 Eave={)‘€)01
Phases £ max=0.0024 max=00038 max=0005 @ max=00026 max=00017
. _ave=0.0000 lave=0.0024 ave=0.0065 lave=0.0038 ave=0.003]
o 100 max=0.0012 max=0003  mas=0.0097 max=0.0072 max=0.0039
Ground ave=0048 ave=0.029 ave=0.13  lave=0.17 | ave=0.084
300 max=0.058 max=0055 max=018 max=018 max=0.12
ave=0.037  ave=0.0007 ave=0.024 ave=0.022  ave=(.0028
1000} 1nax=0.044  max=00009 max=0.029 'max=0.027 max=0.0033
ave=0.0033 ave=(.0049 ave=0.011 ‘ave=0.019 ave=00018
U'IQ max=00078  max=0.0098 max=0025 imax=0045 5max=0005]
Two 10 aves( 0037  aves(.0046 aves(Q 013 lave=0019 ave=(0.0015
Phases 2romax=0.0069 max=00094 max=0.023 max=0042 max=0.0625
. ave=0.0029 ave=0.0032 ave=0014 lave=0014  ave=00014
To | 100 pax=00051 max=00059 max=0.019 max=0.02 | max=0.0034
Ground ave=0.0036 ave=0004 lave=0032 iave=0011 | ave=00008¢
00 max=0.0054 . max=00054 max=0.039 max=0016 max=0.0029
ave=( 0025 ave=00]14 ‘ave=0019 ave=001]  ave=00]9
],,O,O,Q  max=00041 max=0027 max=0.038 max~0.0{3 max=0.023
ave=0.0029 | ave=0.0029 ave=0.049 ave=0.0041 ave=00033
010 1nax=0.0049 max=0 0056 max=0 0083 | max=0 0064 max=0.0052
) ave=0.0017 lave=0.022 ave=0013 ave=0.0016 ave=0.0029
Fine LD hax=0.0024 max=0.029  max=0.025 | max=0.0042 max=0.0041
) ave=0.0024 lave=0.0067 ave=0.022 lave=0.0041 @ ave=00035
?O 100 max=0.0038 max=0.0097 max=0.049 max—0.0062 max=0.0069
Line ave=0.034 lave=0.023 lave=0029 lave=0.044 ave=0.053
S0 max=005! max=0031 max=0.034 |max=0067 max=0067
ave=0.0059 ave=0.18 ave={(}12 ave=0.16  ave=013
100 Q max~0.009] max=024 max~=0 22 max=02 imax=027
ave=(.0095 ave=0 026 lave={ 034  ave=0034 ave=(0]2
010 hax=0019 max=007  max=0055 ‘max=0054 'max=0017
Single 10 ave=0.0092 ave=0.027 ave=0049 ave=0037  ave=(0l4
Line : max=0.017 ‘max=0.062 max~0.061 max=0.056 max=0.019
T 10 ave-0.087 ave=0.032 ave=Q077 ‘ave=0079 ave=0.032
o 239) max=0.12 ‘max=0.03% max=0.098 max=0083 max=0048
Ground ave=0.0063 | ave=0.056 | ave=0.044 ave=0.032  ave=0.015
SOQ max=0.068 max=0.12 max=0098 max=0037 ‘max=0.024
ave=(.054 ave~0067 ave=0.009 ave=0.0094  ave=0 0093
100Q max=0093 max=0075 max=0095 max=0.014 max=0.02

of the fault location errors are calculated as the average value
of five inception angles (Q 45°, 90°, 135, and 180 in rela-

tion to the zero cross af-phase voltage). In this table, variable
aveis the average fault location with respect to five inception
angles. For comparison, varialsteax is the maximum fault lo-
cation error in five inception angles. Generally, the maximum
error is 0.27% and the average error is about 0.034%. The error
increases in large fault resistance cases. Additionally, if only the
normal fault resistance is considered (smaller and equal 10 Ohm
[7]), the maximum error can be reduced to 0.12% and the av-
erage error is only 0.0182%.

V. DISCUSSION

1) This study has evaluated the performance of the proposed
fault location algorithm for transmission line with a se-

ries compensation device. Calculated results when only
using the prelocation step are sufficiently accurate for
most tested cases, especially for the short distance trans-
mission line. However, if the voltage drop of the series
device is neglected, the shunt charging current between
series device and fault location becomes inconsistent with
the adopted line model and harms the accuracy of the
fault location. Thus, when the fault resistance is small (re-
ducing the shunt capacitance voltage and shunt current) or
when the line length between fault location and series de-
vice is short (reducing the total shunt charging capacitor),
the prelocation step is sufficient to estimate fault location
accurately. However, the prelocation step will provide a
worse result given certain special fault events, such as the
case 2 mentioned above. To include all possible opera-
tion situations, the proposed two-step algorithm must be
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used to estimate fault location. According to our resultslesign the fault locator, designing the proposed fault locator
the proposed algorithm can provide extremely accurabecomes easier than in conventional designing. Additionally,
results for all fault events. the proposed fault location algorithm can be easily applied to
2) Conventional fault location techniques must considany other series compensated line that has no additional shunt
variations of the phasors throughout the fault periobranch or phase shift contribution on line current. To select the
to precisely estimate the switching time of variousorrect fault location with respect to the series device, this work
operation modes of series devices when the detailed ptas presented one skillful selector. To double-check the input
tection functions of series device are considered. Such fault type, this work has also successfully proposed a method to
approach will significantly increase the computationadouble-check the input fault type when computing the fault lo-
burden. In fact, accurately modeling the protectionation. The simulation results show the proposed fault location
functions of series device and precisely estimating tragorithm is useful and easily produces accurate fault location
phasors during faults are extremely difficult. The inacresult.
curate model of device protection function and phasor
measurement error in traditional techniques will further APPENDIX
worsen the fault location error. Since this algorithm does
not use the device model, the precise fault location c#n System Data
be calculate_d simply from the_las_t mgasured phasor dataSystem Voltage : 345 KV System Frequency
from both sides of the transmission lines. Therefore, the gy 1,
computation burden is less than using the conventional\/onage Source Es & Eg:
techmque._ Besnd_es, thfa proposed two-step fault Ioga‘u@s = 1.00° pu Egr = 1.0-10° pu
algorithm is easier to |mplement than the CO”Ye”t'O”Qero-sequence: 2.33 4 j26.6 Q
ones because th_e operating modes of the series de‘#’if“sitive-sequence: 1314 j15.0 Q
need not be considered. Transmission Line
3) When a fault occurs and the fauI'F curr.dﬁ is_ large Zero-sequence:
enough, the MOV of the series device will begin tocon- p — 0275 Qkm, L, = 2.7233 mH/km,
duct to bypass some fault current. Thus, the equwalentc0 — 0.021 pH/km
resistanc® s of (29) must be a positive value [1]. Oth'Positive-sequence:
erwise, when high impedance ground faults occur, theR1 — 00275 Qkm, L, = 0.8356 mH/km,
bypass current of MOV may become very small. Thus, C) = 0.021 uH/km
the equivalent resistand®s ¢ of (29) will shrink and the  \1ov
computedR sz will oscillate around zero, possibly be-paference current: 1 kA
coming a small and negative value. Fortunately, the cOffaference voltage: 140 kv
putedR.sg on the incorrect side still remains a rEIativelyExponent: 23
large negative value. Thus, the proposed selector can il iaq energy: 5MJ.
work properly.
4) Since the series device model is not used in the develop- _ o
ment of the proposed fault location algorithm, the algd?- Demonstration of the Validity of Selector
rithm’s design is independent of the installation of series In the above one-line-diagram of Fig. 13, assume that the
compensation device. Thus, when the type of series cofault is occurred at the right-hand side of the series device. The
pensation device is changed or the protection functigrer-unit fault locationD is the correct fault location and the
of the series compensation device is tuned, no additiorn@r-unit fault locatiorD’ is assumed as the incorrect fault loca-
need arises to modify the fault locator. Additionally, th&ion. One can get the following relations:
fault locator designer does not require knowledge of se-
ries compensation devices to design the locator. Thus, the Vr=DLZp Iz + (Is +1Iz)Rp

design of the proposed fault locator is easier than for the =D'LZ Iz + (Is + 1r)Rr + IrZ5 g (B.1)
conventional locator. Vs =(1-D)LZIs + (Is +Ip)Rp + IsZsg
=(1- D/)LZLIS + (Is + IR)RIF (B.2)

VI. CONCLUSION ,
equation (B.1) can be reduced as

This paper has successfully proposed a novel fault location al- ) ) )
gorithm for series compensated lines. The proposed algorithr(D’'—=D)LZ 1 +(Is+1r)(Rp —Rp)+1rZsg = 0. (B.3)
does not utilize the series device model and knowledge of the

operation mode of series device to compute the voltage dropEqualtlon (B.2) can be reduced as

during fault... Thus, the faylt Ioca.tion errors induced from in'Is(D’—D)LZL+(IS+IR)(RF—R’F)+IsZsE =0. (B.4)
correct series compensation device model or inaccurate mod-

eling of the series device protection function model can be elim-In order to simplify (B.4), assumindr = als +
inated completely. Furthermore, because the fault locator géls, Zsp = Rsp+jiXsg, Zr, = r+jzr, AD = (D' - D)
signer does not need the series compensation device modaind ARy = (Rr — R/) and substituting the above relation
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Fig. 13. One-line-diagram for demonstration of selecting algorithm.

into (B.4). Equation (B.4) can be changed to the following Both of the algorithms i) and ii) can be used as selecting al-

form:

IsADL(r + jzr) + [(1 + a)Is + jUIs]ARR
+Is(Rsg +7Xsg) =0 (B.5)

gorithms. The algorithm i) has only one indeR ), and is the
same as presented in [7]. The algorithm ii) has three indices
(three phasé?sg), and carries more information. For example,
when Zsg of three-phase system have been calculated, these

where the parameteris positive because the angle differencg1OIICeS can be used for fault type double-checking.

between/ g and/s is less than 90in this system. In considering
the real and imaginary parts of (B.5), one can get the following

two relations: (1]
Is[ADLr 4 (14 a)ARp 4+ Rsg] =0 (8.6 [
3
SinceAD, a andRsg in (B.6) are all positive variables and
Is does not equal zero, one can easily get the following relation:
[4]

ARp < 0, andRg > Rp. (B.8)

In considering (B.3), assumg = cIyp + jdIgr and the pa-
rametek is also greater than zero in this system. Substituting thel5]
above relation into (B.3) and assumi#§ , = Rsp + j X5g,
one can get the following relation:

(6]
IRADL(r + jor) o [(1 4 ¢)Ir + jdlr]AR R

+Igr(Rsp + iX%sg) =0. (B.9)

7
Considering the real and image part of (B.9), one can also ge{ ]
the following two equations:

Ir[ADLr o (1 +c)ARp + Rlgp] =0
Iz(ADLz, + dARp + Xs) =0.

[8]
(B.10)

(B.11) [9]

As the variableARy in (B.8) has been proven as positive
variable and parameteralso positive, one can easily get the [10]
following relation from (B.10):

[11]

Le <O. (B.12)

From the above relations of (B.8) and (B.12), choosing be-
tween two fault locations db andD’ is easily made. Two se- [12]
lecting algorithms are written as follows.

i) Choosing the fault location with largdt as the correct
fault location.

i) Choosing the fault location with positivBsr as the cor-

rect fault location. [14]

When the fault occurs at the left-hand side of series device,

same results can be given by the same discussions used above.

(13]
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