AN ACCURATE FAULT LOCATION USING SYNCHRONIZED

Finke € '.l'r\F

@

SAMPLING AT TWOD ENDS OF A TRANSMISSION LINE

M. Kezunovié, B. Perunigié, J. Mekid
Texas ALM University
Department of Elecirical Engineering
Caollege Station, Texas TT843-3128
US.A.

Abstraci— This paper presents a new approach in solving the
problem of fault lecation on & transmission line in time domain.
It uses synchronized samples of transient, post-fault voltages
and currents taken al all ends of the transmission line. Starting
from a theoretical formulation of a !EEH’IJ CORCEPt, MO EXnct
fault location algorithm for & short, two-terminal transmission
line is derived. A thorough evalustion of the algorithm perfor-
mances is done, through a number of EMTP generated fault
test cases, The test results show the high sccuracy of the pro-
posed method while the computationn] burden is modernte.
The developed algorithm is robust, i, it is oot affected by
the fault type, fsult resistance, nor incidence angle.
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INTRODUCTION

A continuous and relishle electricnl enesgy supply is the
ohjective of any power system. Nevertheless, faults do in-
evitahly oceur in the power system. A transmission line i
& part of the power system where the faults are most likely to
happen. An accurate and fast location of the fault is & need for
the efficient and cost effective repair of the mechanical dam-
age, usually associated with the fault occurrence. Enabling the
fast nnd effective recovery of the faulted transmission lise, the
fault location algorithos contribute to the economic operation
of the overall powes system.

The nature of the faalt location on the transmission Loe
requires voltages and currents of all line ends o be considered.
Still, such appronch has not been fully explored until few years
ago. There are many reasons for that. The fault location
algorithms were implemented ns & part of existing protection
devices, where only the single end voliages and currents are
available. To use all ends data, synchronized information from
line ends have to be communicated to one location, shortly
after the fault occurrence. It is just recently that the particular
hardware to support this peed (GPS, eptical communication
links, etc.} has become readily svailable for s bow cost [1,3].

| There are oot many fault location algorithms developed
using all live ends information. Ooe of the first algorithms
to consider both ends data of the two-terminal transmission
line, wns proposed by Eriksson et. al [3). It did oot use both
ends date explicitly, but the influence of the remote-end in-
feed was taken into sccount. Even though the error obinined
by this algorithm was large (3% ), this result is important since
the algorithm was implemented as the actaal fault locstor, and
tested using the field data.

Fanlt location algorithms using all/both ends line infor-

mation have one characteristic in common. They use post-
fault steady state values to caleulate the fault location. Some
af them filter the post-fault data (voltages and currents) te
extract the fundamental frequency components of the signals
[3-7]. The others use various numerical methods to estimate
the post-fault steady-state values of voltages and currents [8,9].
Simee the post-lault steady state values are pot readily avail-
able, & processing of transient date is needed to obtain these
values. This preprocessing introduces an error in determin-
ing the post-fault stendy state values. Also, it influences the
execution time of the algorithms. In contrast, the algorithm
presented bere uses recorded, transient date directly utilizing
the time domain approach.

Most of the algorithms have some constraints on the trans-
mission line configuration. The algorithms given in [3-6] as-
sume the transposed transmission lines. The earlier developed
ones [4.5] are sensitive to the fault location and fsult type,
while the recent ones [8,9) sre not. Overall, the obtained ervor
i8 in the range from 4% [5] to 0.05% (9] at the best.

In this paper, & mew approach to the fault location us-
ing the synchronized data from both ends of transmisson Bne
is proposed. The synchronized phase voltages and currents,
taken during the transient, post-fault state of the faulted line,
are used to determine the location of the fault. This approach
does not invalve preprocessing of sampled data No assumptions
on the geometry of the live (transposed, ar untransposed) are
oeeded. The method is not influenced by type of the fsult,
fault pesistance, nor changes in the incidence nagle. Its secu-
racy depends strongly on the accuracy of line model. Also, it
depends on the numerical method used for solving the system
of fault location equations which is closely related to the data
sampling rale,

Here, the new approach will be applied to an electrically
short transmission line. First, the general coneept of the fault
loeation techuique will be given. Secondly, the fault location
equation and the algorithm for short transmission Eoe will be
demived. At the end, its performance evaluation will be pre-

FAULT LOCATION TECHNIQUE

General Concept

In this section, the principles of the technique using the
synchronized phase voltage and current samples at hoth ends
of the transmission line to caleulate the location of the fault
on any line are described.

Consider the arbitrary, unfaulled threephase system de-
picted in Figure 1.



d
i 1
RS Se b

By [ |

Subsysteml | g I3 RISuIﬂy:l:mE

Fig. 1. Unfaulted Three-Phase System

Two ends of the transmission line of interest are denoted
with § as the sending end and R as the receiving end. The
transmission line of interest connecis two parts of the system
denoted with sebsgatem] and subspstem?. The length of the
transmission line is 4. The main ides of the fsalt leeation con-
cept is based on the following charactenstic of any transmission
Line. At any location P along s homogeneous, unfaalted trans-
mission line, the instantaneous values of voltage and current
signals are related to:

» instantnnecus values of the cormesponding vollage and cur-
rent signals of both ends of the line;

- didmbetwemlhnipulitulu]mﬁoﬁ“dﬂdiﬂfih!
line ends;

» line parameters;
Above stated relations can be expressed ss:

7 = L*{F5, 15,7} (1}
ir = L*{75, 15,7} (2)

where :‘; and E;mvnctmafihg instantaneous phase volt-
ages (wap(t), wuplt), v.p(t)) and currents (i, p{£), 0p(t)0p(1))
st the point P, at the distance p from the lne end 5, defived

AsT

o = [vap(th wplt), vesltl] (1)

-
ih = [aplt) dsplt) icelt]] (4

while vf nnd 1§ nre vectors of the instantaneous phase voltuges
and currents at the end 5 of the line, defined as:

vE = [vas(t), vasit), ves(t)] (5)
7% = lias(t), ins(8), ies{)] ()
Similarly,
o = L* (R, in,d— 2] (7
ir = L{iR, ind - 2) &)

-mﬁmfimmdthmmmwm
and carrents at hheendﬂnl‘th#ﬁn:. defined ns

vh = [Ean(t), vant), veat)] (%)
i% = liar(t). far(t), icalt)] (10}

L¥ and L' are linear operators in respect Lo the vectar af valt-
ages © and vector of currents 0. 5till, these operators do not
necessarily have to be linenr in respect to the distance r. Op
erators L” and L' are related to the line parameters, However,
these relations are the function of the Bne length.

Now, consider the faulted three-phase system depicted in
Figure 2. The fault point is denoted with F, and it is at the
distance z from the lioe end 5.
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Fig. 2. Fualted Three-Phase System

Drue to the fault oceurrence a2 the point F, the transmis-
siom line is divided ints two homogeneous parts, one being from
the end 5 to the fault point F, and the other one from the end
R to F. Now, the fault point F of the faulted transmission
lime is the oaly point on the line at which the voltages and
currents can be expressed in terms of voliages and currents st
both ends of the line. Voltages and currents of any point on
the line between end 5§ and F can be expressed in terms of
the end 5 woltages and currents, only. Similarly, voltages and
currents of any point on the bne between end R and F can be
ﬂ.-_pr\e-adl'.n terms of the end R"Dttl&ﬂ lnd.n:nn\mtl.-nnlf.
The fault point F phase voltages and currents are related to
the line end § phase voltages and currents given by equations
(1) and (2) ns:

irs = L"[iz 4.7} (11
irs = L{F5, 15,2} (12)

Sirmilarly, the phase volinges nnd currents at the faull point F
nre related to the line end R phase voltages and currents given
by equations (T) and (8) s

iFg = L0, ig,d - 2] (13)
irm = L'{fRnd =z} (14)

wheuﬁ;tndr}:mmmunﬂhe instantaneous phase voltages
and currents at the end R of the lne. Here, d—z is the distance
between the fault point F and line end R .

Because of the contimaty of the voltage along the trans-
mission line, the sguations (11) and (13) can be combined lead-
ing to:

iiFs = iFR
L* {75, ig, 2} = L"{iR.im,d — 2} (15)

Linearity of operstors L®, L' enables expression (15) to be
rewrilien as:



B (il - #5,i0 - f5,0,d) = 0 (16)

where L* is o new operator of Lhe same type as L” is.

The equation (18) is the generic fault lacation equation
It relates the unknown distance 2 to the fault point F (from
the line end 5) and to tlwphuevdu‘ﬂlndmrrmﬁﬂm
transmission line ends. For different types of transmission lines,
this generie equation have different forms. Next, the derivation
of the fault location equation for the shorl transmission line will
be given.

Derivation of the Fault Location Equation for the Short
Transmi=sion line

This section gives detailed derivation of the fault location
equation for the short line using the generic equation (16).
Now, consider the short thoee-phase transmission line depicted
in Figure 3.
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Fig. 3. Faalted Short Three-FPhase Line

For the purpose of the simplicity, let us assume that the
lie is homogeneous in its whole length, charscterized with
constant, per-length parnmeters:

w self (phase) resistivity! o, P e
o mutual resistivity: rai, Tae, Thes
o self (phase) inductivity: lues Jiae bee
& mutual inductivity: Lo, Lo, fic-

In spite of the mssumption made, the general concept holds
for any transmission line being a combination of homogenesous
parts. Also, no other assumptions about the tr izsion line

Now, combining the equations (17) and [18) the fault location
equation for the short transmission line is obtained s follows:

di it
Frpiph(t) 4+ lmp ";“

vmpll) — Bmsit) -d 3

P
+z ¥

i i
= I'mr'rﬁ{” + rmpips(t] + f.,—% + fﬁ,—%] -

m=a,be (19)

Sinee the signals of the voltage and current, at both ends
of the line, are svailable in the sampled form, system of fault
location equations [19) can be rewritten in the discrete form
Ba:

An(k) + Balb)z =10
m=a,be

E=1.,N

{20

where Anik) and Bao(k), for m =a,bc,and k= 1,..., N, are
defined as:

Am(k) = vmp( k) — rms{k]

-4y [[.-_, + %‘f;.‘,,(&} - %‘f.‘,,[k = 1]}21}

r=a b,

PR [(r..,+ 'ﬁf) lip(k) + sk

FEabe

- 2 lipalk = 1)+ sk~ 1] ()

In: above equations, veg(k), tmalk) are phase (m = a, b, )
voltnge samples st the time instants | = kAL (k=1,..,N) at
the line end 5, and at tha line ead R, respecitively, Similarly,
fmslE), tmulk) are phase current snmples nt the line end 8,
and at the line end B, Here, At is the sampling step and N is
the total number of samples,

The system of equations given in expression (20) is over-
specified since it has just one unknown varinble, distance to
the fault poant r. Thus, r is determined using the least squere

are needed.

In ense of short transmission line, relation between the
fault point F and the line end § phase voltages and currents
[eq. (11)] Las the following form:

vmrlt) = vms(t) =2 Y

peabe

o,
|.-_,.-_s{ﬂ + :,,_nf#]
m=uabc (17)
Similasly, relation between the fault point F' and the line end
R phase voltages and currents [(eq. (13)] becomes:

[r..,:',a{r] + L é%]

(18)

vmFlt] = vmn(t] = (d=2) 3
b
m=uabe
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The expression (23) i the explicit fault Joation equation hat
defives the fault location algerithm for the short theee-phase
transmission line,

EERFORMANCE EVALUATION

Description of the Performed Tests

Based on the derived fault loeation equation for the shart
transmission line feq. (23)), the fault locntion algorithm was
The pedformances of the algorithm were evalusted

using the EMTF generated data. The test system, modeled



using the EMTP, is an actusl, 161kV power system. The
transmission lines considered are fully transposed, and 13.35
and 3056 miles long. The EMTP model of the test system as
well as the system parameters are given in the Appendix. The
transmission lines of iplerest are one between busses 2 nnd 3
(1335 mi) and the other between busses 1 and 2 (30,56 mi).

A oumber of EMTF simulations of various fault events
were performed for testing of the proposed algorithm. The to-
tal time of the simulstion was Ty, = 0.032s, starting from the
instant of the fault occurrence, Since the available window of
samples is limited, the largest npumber of samples is obtained
using high sampling frequency. Besides, the high sampling fre-
quency enables ns close as possible approximation of derivatives
from the equation (23). Therefore, the value of the sampling
timee step used is Af = 41.66Tus.

These test cases were generated by varying four, most im-
portant parameters of the fault event:

# fault location

» type of the fault

* frultl resistance

# incidence angle of the faull occurrence

Ench of these simulation parnmeters were varied in the range of
their lower and upper physically mesningful boundaries to en-
ahle the extensive coverage of possible real fanlt events, Three
wvalues for the [ault location were considered: 0.1, 0.5, 0.8,
where the location 1.0 corresponds to the whale leagih of the
transmission line, Four typical fsult types were simulated: sin-
gle line to ground (phass a to ground), two phase (phase b o
phase c), two phase to ground (phase b to phase ¢ to ground),
and three phase to ground fault. For the faclt resistance, val-
nﬂﬂfﬂ; = 30} and Ry = MM were considered, while for the
imcidence H‘Iﬂt. wvalises of 0 and 30 I!qpl::l were wsed,

The results of the algorithm testing are presented and dis-
cussed in the following section.

Test Results

For the vanety of the fault cases, deseribed in the above
section, the error of the fault location algorithm was observed.
The results of the test are given in the following six tahles.
For the particular Eoe, they are coganized by the type of the
fault: frst four tables cormespond to the 13,35 miles long Gne
while the other twn correspond to the 3056 miles bong line.
The errar (%) of the faalt location algortho is defined as

Juetunl fault loe. — ealealnted fault loe.|
erTor =

Total Tine length S i

Comparing the two rows of each table, it can be seen that
the variation in the error is very small. Thus, the algorthm is
nod affected by the value of the faull resistance Ry, Also, the
variation of the incidence nnghe is of no nfluence on the error.
Comparing the cormmesponding eotries of different tables, the
small variation in the error is noticed, due to the different faalt
types. Consldering different ne lengihs, not a significant vari-
ation of the error is found. The highest vanation of the error &
duse to the location of the fault. This result is the consequence
of the particular configuration of the system used in the study,
Still, it should be noted that in case of small error, the relative
varistion of the error seems Lo be more significant than in cnse
of large error. Nevertheless, for the wide range of cases, ob-
uinedmwi-inl]uuduufﬂ.l%.beingmﬂzﬂ:mﬂ.ﬁ*in
most of the enses. The numerical method wsed for solving the

fault locution equations influcnces the error significantly. The
sampling time step Af has the major impaet on the error. A
small Al provides mare accurate derivative approximation and
decreases the ervor, but it increases the computational burden.

Results obtained in this study are of the same order as
the best ones obtained using the steady state post-fault date
[9]. However, the algorithm presented here does not require
preprocessing of the inpat data but uses the transient data ns
recorded. This makes the algorithm computationally simple.
These properties are considered unique performance features
of this algorithm,

‘Table I. Error in % for Phase a to Ground Fault, 13.35

mi line
Simnalati
= T Phase A to Ground Fault
Location
of the Faalt 0.1 0.5 08
I::'E‘L‘““ 0 deg. |90 deg, | 0 deg. |90 deg. | 0 deg. [90 deg.
Ry = 31| 0.4344 | 0.4346 | 0.2091 | 0.2093 | 0.035% | 0.8360 |
Ty = 5000 | 0.4576]0.4549 ]0.2297| 0.2220 | 0.0464 | 00472

Table II. Error in % for Three Phase to Ground Fault,

13.35 mi line
Simujlt'pm
Parametar Three Phase to Ground Fault
Loeation
7 01 0.5 03
hmn:::““ 0 deg. |90 deg. | 0 deg. |90 deg. [0 deg. |50 deg.
Ry = 311 | 0.7084 | 0.7054 ] 0.3658 | 03658 ] 0.1066 | 0.1066
Ry = 500 | 0.7084 | 0.6991 | 0.3658 |0.9612 | 0.1066 | 0.1052

Tabkle 1II. Error in % for Phase B to Phase © Fault,

13.35 mi line

f‘,‘m"m"’“ Phase B to Phase € Paalt

Locstion

of the Fault 0.1 0.5 08
mm] 0 deg. |50 deg. | 0 deg. |90 deg. | 0 deg. |90 deg.
Ty = 3z |0.7075 |0.7166 | 0.3658 | 0.9707 | 9.01075 | 0.1091
Ty = 5041 |0.7428 [0.7283 | 0.3915 | 09855 | 01241 |0.1362
Table IV. Error in % for Phase B to Phase C to

Ground Fault, 13.35 mi line

[ Sirmmlnt:

" Phase B to Phase C to Ground Fault
Laestion

e 0.1 0.5 0.8

Angle 0 deg. |90 deg. § 0 deg. |50 deg, | 0 deg. | 90 deg.
Ry =30l |0.5938] 05912 | 0.3159 | 0.3143 | 00900 | 0.0685 |
Ry = 5051 | 0.70% | 0.7067 | 0.3605 | 0.9658 | 0.1060]0.1066




Error in % for Three Phase to Ground
Fault, 30.58 mi line

Table VI.

s o Phase B to Phase C to Ground Fault
Location

of the Fault Lt 0. s
T:ﬁ:““ 0 deg. |90 deg, | 0 deg. |80 deg. | 0 deg. |90 deg.
Ry =30 0.5238 [0.5412 J0.4550 [ 0.4143 | 0.4500 | 0.4585
Fiy = 5001 | 0.6036 | 0.6167 |0.4335 | 0.4054 | 0.4597 | 04966

Table V. FError in % for Phase A to Ground Fault,

30,58 mi line

Simulats
e Phase B to Phase C to Ground Fault
Location

of the Fault 0.1 L L
L“:!‘t““ 0 deg. |90 deg. | 0 deg, |90 deg, | 0 deg. |90 deg,
;=301 | 03542 [0.3687 | 0.3050 | 03043 | 00988 | 0.0885
R;:.'sm 0.3688 |0.3723 J0.3615 | 03655 | 01068 | 01066

CONCLUSION

This paper presents n new approach in solving the prob-
lem of fault location on the transmission line. This approach
uses synchronized samples of faulited voliages and currents at
bath ends of the transmission line. Starting from the the-
apetical formulation of the general approsch, the exnct fault
location equation for the short transnission line was derived.
This simple equation relates the samples of the phase voliages
nnd currents during the transient, post-fault penod, and the
distance to the fault .

The algorithon developed based on this sqantien doss nol
require any approximation, filtering of sampled signals, or esti-
mation of the post-fault steady state values, Besides, the fault
leeation equation is defined for each phase in the time domain.
Therefore, no processing of the sampled dats for the transfor-
mations such as phase to sequence, or time to phasor domain,
is performed. Such approach contributes to the computational
simplicity and execution speed of the algorithm. Also, it offers
the possibility of algorithm's usage in the on-line protective
devices,

Evaluation of the algorithm, obtained through the aumber
of EMTP genernted tests, has shown that the obiained error
is Jess than 0.5% in most of the cases. This error depends on
the choice of At and pumesical method used. The wlue of At
weed in this study does pot mateh available date sequisition
equipment. Therefore, farther studies are planned to find the
value for &t that would meet the practical requirements for
the on-line implementation of the algorithm. The algorithm
has shown a robustoess, since it is not significantly affected by
the type of the fault, nor fault resistance. The changes in the
incidence angle have nol been the souree of the error, neither.

It shenald be noted that no pre-fault steady state values of
the system variables, nor the fault dlassification are required by

the algonthm. The only assumption imposed by the algorithm
is the transmission line homogeneity, on its whaole length or on
its pasts.

The !]:uruush tsling of the I.I,&nnih]n has revealed s ad-
ditional useful characteristics. There are indications that the
algorithm can be wsed for the fualt identification and faclt clas-
sification, besides its main function. This is the subject of our
future work, as well as the development of the algorithm for the
long iransmission Lne, based on the same, genernl approach.
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Fig. A-1. EMTP Model of the System

Table A-I. Source Impedances

Bus Name|  Per-Unit Value (1) | Real Value ()
M EABEES X 1.503 + § 16.382
Z,| 088 +j1L41 | 1508 + j 20570
P B RS T “T0.081 +j 2.0
Zi| 0044073 1104 + 1602
3 || 0l 16641050
ES 0.31 4 j 3.04 0.804 + ; 7.880
Table A-11. Systeru Equivalents
Terminal Buses Per-Unit Value (£} |  Real Valae (1)
Zo| 11869 + j 188.003 [ 310248 + j 480.725
1-3 |37 T80+ 11.44| 4.006 + ] 99654
£y o0 o
2-3 |71 12 +7i00] 32609 + 191618
Za|  30.70 + ) 100.53 | 103.140 + j 260,843
1-2 |7 275 4 ] 18.08]  7.078 + | 47467




Table A-III. Self Impedances of Transmission Lines

Terminal Buses Per-Unit Value (1) Real Valoe (f1)
Zy| 804 v 264 230704 + ] 794600

1-3 Z; lw 30400 + j 134844
Zy| 852+ j20.23 220847 + j TH.T67]

1-3 Zy| 196 + ) B.80 | 3.5771 + ) 225000

1-3 Za| BAD +) 2037 2177138 + ] 16,1300
Zi] 194+ 6.1 | 34734 + ] 200090

1-2 29| B.42+j 26,74 |21.8254 + j 693028
L 1.50 + j BA7 | 3.5882 + 21.9551

2.1 Zo| 367 +j1238  |0.5130 + 32.0902
Z,| 067 +)302 |17367 + j 10.1610
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