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Abstract - The mumal inductance between parallel
transmission  lines  influences the locating of the
transmission line faults. A fault location algorithm for
parallel lines developed in this paper takes into account the
magnetic coupling between parallel lines. The paper
presents a detailed description of the developed algorithm
and test results performed on a simplified real transmission
line. The obtained ervor is less than 0.5 percent in most
cases. Also, the developed algorithm is not sensitive to
typical fault parameters, such as: resistance, type, location,
and incidence angle.

INTRODUCTION

In urban and industrially dense regions with a
high consumption of electrical power, ransmission lines
are placed in parallel, often on the same wwer. Due to a
high mutual inductance, a current in one line induces
voltage in the nearby line. As a result, current in one ling
depends on the current in the parallel line. If the fauh
location algorithm does not account for the induced
voliage due to  the magnetic coupling, the outcome of
algorithm may be erroneous. However, it was impossible
to successfully account for the muwtual inductance between
parallel lines until the synchronized samples of voltages
and currents of both lines were considered. [t is just
recently that the hardware to support this need (GPS,
optical communication links, satellite beacons etc.) have
become available at a reasonable cost [1-3]

The aim of this paper is to develop a new
algorithm that will take intoe account the infleence of the
mutual inductance. First, it is shown thar the mutual
inductance between parallel lines introduces a significant

crror in the location of the fault. An accurate time-domain
fault location algorithm [4-3] is used to determine the
influence of the magnetic coupling on the fault location.
Then, a new algorithm is presented to account for the
voltage induced due to the parallel line. It is assumed that
synchronized samples of voltages and currents of  two
parallel lines have been taken duwring the transient, post-
faulted state, for example. by using a digital fault recorder
(DFR} with GPS receivers [3], and communicating the
data o the DFR at the other end of the line. Based on these
samples, the algorithm estimates the induced voltage in
the faulted line due 1o the current in the nearby parallel
unfaulted line. The algorithm does not invelve any other
approximation, nor preprocessing of the data samples. The
test results show that the algorithm is not sensitive to the
typical fault parameters, such as: resistance, type, location,
and incidence angle.

FAULT LOCATION TECHNIQUE
General Concept

The algorithm presented in this paper is an
extension of the approach presented in papers[4] and [3].
The paper [4] describes an algorithm suitable for a short
transmission line, while the paper [5] introduces an
algorithm for a long transmission line. It is assumed that
samples of voliages and currents, synchronously taken after
the fault, are available for the faulkt location calculations.
The algorithms presented in these papers are very accurale
and have a low sensitivity 1o the tvpical fault parameters,
such as, resistance, type, location, and incidence angle.
Moreover, the resistance of the fault may change during the
faull. The algorithm is capable of caleulating the location of
the arcing type of the fault,

Since the lines in industrialized areas where the
mutual inductance effects are likely 1o occur are relatively
short, the short transmission line model is considered in this
paper.  The original algorithm in [4] uses a single
homogenous line generic model. Based on this approach, a
new model for parallel lines is derived. The algorithm
obtained from this medel uses voltage and current samgples in
the faulted line and samples of the current in the parallel
unfaulted line, This algorithm was tested using mode] of a



real ransmission line in Beaumont, Texas, Since this line is
not a homogenous one, the model was simplified for the
preliminary testing purposcs. As a next step, the authors
mtent to derive a new algorithm  switable for non-
homogeneous pasallel lines, and then test the alzonthm en

the model of an actual line.

Muodel of the Parallel Transmission Lines

The sketch of the parallel lines used in this project
is shown in Fig. 1. The two lines have a common sending
end (5) and are parallel along a portion of the their entire
length. The fault may occur in the part where the two lines
share a tower, or in the par where there is only one line on
the tower. The presence of the other line on the tower
influences the parameters of the transmission line. In the
shared pant of the line the parameters resistance [r] and
inductance [I] are indicaved by the superscript { * Jand in the
rest of the line they are the same as for the single line, [t will
be shown in the following sections that fault location
calculations for parallel lines can be reduced to the single
line fault location calculations.
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5 - sending end; R - receiving end

Fig 1. Thres Phase Non-Homogeneous, Unfaulted
Power System

First, assume that the fault is in the parallel part of
the non-homogeneous line (Assumption 1, see Fig. 2). The
voltages and curments represented in this figure are the
vectors of three-phase quantities. The part of the line
between the points E and B is homogenous and unfaulted.
Therefore, the voltage v at the place E where the two lines
separate may be calculated using the receiving end voltage
va, and the receiving end curent & as given in [4] (see

Appendix A),
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Fig 2. Fault in the Shared Part of the Power System
{Assumption 1)

The line between the points 5 and E is a
homogenous parallel line, and the voltage vy is given by
equation (1), The current jg is obviously equal to the current
Ip. The model of the line between S and E differs from the
single line model derived in [4] because the currents ¢ 5 in
the parallel line induce the voltage vy in the faulted line.
The induced voltage w, is defined by the equation:

Vaanlt) = e T [Fimgr (1) + Lo i (W] (2]

p =a", b', ¢" [Phases in the parallel line]
m=ab,c

Due to the induced voltage w, the voliage
difference between the point E and 5 will be equal to:

Vg - Ve U = V= { VE= W Dorcrcrennsncsssncnneiennd (3

It is obvious that the fault location equation derived
for the single line may now be used (see Appendix A for the
generic and derived fault location equations), if the voltages
vg and vy from the single-line algorithm are replaced by:

o)
et Y

Mow, assume that the fault occurred in the non-
shared portion of the power line (Assumption 2, see Fig. 3).
The volage v in this case is defined by the equation:

Ve =g (O Vg T, [F o st 1 o dis(0VdL] <.....(6)
p=a.bcandm=a b,c

The part of the line between E and R is
homogenous, and again the fault location equation for the
single line may be used, bur the sending end vohage is now
equal to Vi, the line length of the line is (d-dy), and the
location of the fault obtained is the distance x from E to the
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Fig 3. Fault in the Non-Shared Part of the Power
System {Assumption 2)

fault. Therefore, voltages vy and vy in the single-line
location algorithm should be replaced by:
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Deseription of the Algorithm

The above considerations are the base for the
developed algorithm.  Since the location of the fault is
unknown, the calculation starts with the assumption that the
fault is in the shared part of the line (Assumption 1). If the
result shows that the location is indeed in this part, the
caleulation is finished. If this is not the case, it is assumed
that the location is in the non- shared part (Assumption 2),
and the correct location is determined. The flow diagram of
the algorithm is shown in Fig, 4,

PERFORMANCE EVALUATIONS
Deseription of the Performed Tests

To determine the performance of the developed
algorithm, Electromagnetic Transient Program (EMTP)
wae used to simulate the power system of Fig. 1 [6,7].
The model was a 138k power transmission line. The
length of the shared part was 0.7 miles, whereas the total
length of the transmission system was 1.6 miles. The
parameters of the single transmission line, and the parallel
transmission lines line are obtained using the EMTP
auxiliary routine AUX. The total time of the simulation in
the test runs was T, = 50.0msec, while the sampling time
step was At = 200.0ps.  Four types of fauls, line 1w
ground, three phase fault, line to line fault and double line
to ground fault, are simulated to determine the
performance of the algorithms. The rest cases were
generated by varying the four parameters of the fault event.
These parameters are:

a. Fault location

b. Fault resistance

Set vy and vy using eguations (4) and (5) [

Find x using equations (A9}, A 107 and
(A1} given in Appendix A. Set d=d;

[ r<de? Yo End

F Set vy and vy using equations (71 and (8} |

Find x using equations (A}, (A10) and
(Al l)given in Appendix A. Set o= d- di

l

| Fault Location x' =x + d¢ F

End
Fig 4. Flow Diagram of the Algorithm

c. Type of the fault
d. Incidence angle of the fault occurmence

Thesa four parameters are varied between their
upper and lower boundaries to enable the extensive
coverage of possible real events. The econsidered
locations of the fault were 0.25, 0.45, and 0.75, where 1.0
is the entire length of the transmission line. The fault
resistance values were Ry = 30 and Ry = 3001 The
incidence angles of zero and ninety dearees are simulated
with all four types of faults to test the performance of the
algorithm.

Results

For comparison, all simulated fault locations are
first caleulated using the single line algorithm of [4]
(Tables 1, I, ¥, VII). Then, the new algorithm for
parallel lines developed in this paper is used to compute
the fault location using assumptions one and two (Tables
1L W, V1, VIII-XII). For differcnt fault-event parameters
described in the previous section, the error in fault location
algorithms was calculated. The error in percentage of the

fault location is defined by:
| actsal Fauhi loc. - calcubated Faali boc, |

Error= -
lital line length

* 100es



In all the test cases, assumption that the fault is in
the shared portion of the ransmission line is considered
first. If the caleulated length was less than the length of
the shared portion, then the outcome is taken as the result.
Ciherwise, assumption two is applied.  Consequently,
first assumption was applied to caleulate the fault location
using both single line and parallel line algorithms (Tables
1=-WII). Tt can be seen that for fault location of 0.75, tha
is when faull is in the non-shared part of the line, the first
assumption does not give accurate results. Application of
the second assumption for fault location greater than 0.43
vielded accurate results (Tables IX-X11). For second
assumption, fault location calculations for .25, and 0,45
are not needed, as they are already determined wnder first
assumption.

Comparing the results of single line and parallel
line algorithm, it can be seen that the muteal inductance
berween  parallel lines significantly  influences the
caleulation of the location of the fault. It can be observed
that calculation for the single line to ground fault is
significantly influenced by mutual inductance, the average
error is 3.90 percent while the largest error is B30 percent
(Takle 1). The calculation for the three other types of
faults are not drastically influenced by mutual inductance,
the average ervor is 0.8 percent (Tables 111, ¥, VII), while
the largest error is 9.1 percent (Table ¥). One should
keep in mind that single ling to ground fault is most likely
to occur under abnormal circumstances.

The parallel line algorithm, developed in this
paper, successfully reduces the error in the fault location,
In meost cases, the average ervor is 0.50 percent (11, IV, VI,
VIU-XI[). Also, it can be seen that in most cases, the
algorithm is only slightly affected by other fault-event
parameters, such as, fault resistance, ncidence angle, and
location of the fault. However, the algorthm does not
provide aceurate results under all condition.  For example,
in Table Il for fault location 025, Re = 30 {1, and
incidence angle = 90°, the algorithm gives an error close
to two percent.  Similarly, In Tables VI, for Ry = 3082,
with incidence angle of 0°, and fault location of (.25 and
0.45, and in Takle XI, for Ry= 3002, incidence angle 07,
and fault location of 0.75, algorithm gives a very high
error. Excepl these four stated cases of fault events, the
error in the rest of the faul-event cases is very low. For a
wide range of cases, the error is of the order of 0.1
percent, and less than 0.5 percent in most of the cases.

Table Il Error in %o using Parallel-Line Algorithm
{Assumption 1)

Bimulabion
P arameters
Faualt 025 43 0.7
lLocatsmn
Encidence Idep Pideg | Odeg
langle
RE=301
[Ri=3062

Phase A to Ground Faall

O deg | O dez

00300 00304 01947 03526 H.1044 H 5936
1654 |1 59% DIR39 03317 W.I968 [ 7500

S deg

Table 111, Error in % using Single-Line Algorithm

[Simulation Three Phase to Ground Fault

[Parsmelers

[Fault 023 045 0TS

ILocation

nendence Ddeg Pldez | Odeg | Fdeg| 0deg | 90 deg
le

=31 0118 00604 0026 100483 01802 03530

E1=3Dn 00066 00330 DOI6s 00510 01571 03484

Table IV. Error in % using Parallel-Line Algorithm
(Assumption 1)

[mularon Theee Phase 10 Ground Fault

Parnmetars

Faull 0.15 045 0.7%
Location

Incidence (Odeg P deg | Odeg | S0deg | Odeg | %0 deg
pungle

B30} L1403 PU1634 02015 N0 R334 02427
=300 R.417 Q1637 P2IET DI2A4 POl 02273

Table V. Emor in % using Single-Line Algorithm
o] i Phase 1 w Fhase C Fauli

]
[Parameters

Fault (1] L 075
[Lesation

Incidencs 01 deg (M) deg Ddeg | 90 deg| Odeg | 90 deg
lAnzle

[RE=300 01306 N.0377 02208 POSE] 16433 j.G332
hh-l[ﬂ.’l .7290 K.3739 JI.TEYT Q4265 B0 12743
Table VI. Error in % using Parallel-Line Algorith
{Assumption |}

[Samuslation Phnse B i Phase C Fault

IParameters

Fault 023 043 0.5
ILocation

irh'.:lj:nct Odeg Podeg | Odeg | 90deg| Odeg | S0 deg
Angle

Fi=3{1 L0672 DXT0 D6RI0 W.5T32 RO156 (13242
RI=300} Gasl NORSD L6127 W66 B.9974 12127

Table ¥1I. Error in % using Single-Line _Algosithm

Table 1. Error in % using Single-Line Algorithm Eimvalaton Phass A i Phase B to Ground Faol

M imaalati Phase A to Ground Fauslt Parameters

Parnmeiers Faalt 0.1s 043 075
Fault 0.25 0.45 0.75 Locotan

Location Encidence Odeg Podeg | 0deg |%0deg| 0deg [ 90 deg
Incidence Odeg POdeg | Ddeg | Wideg | Ddeg | Y0 deg lanzle

jangle RF=30 pe28s [p3633 jo3407 PITEE 02080 | 7854
RE10 15509 (17877 [avhe [B4706 J1.o%sd B 1836 esa  posnz i2al s Poswo o san0 Joeass
hr—]nﬂ oa243 Pt B4edd [TRETE Poes3l I 4733




Table VIII. Errer in % using Parallel-Line
Algorithm {Assumption 1)
Phase A i Phase B o Ground Fault

[Rimulaticn
IParameters
[Faulr 025 043 0.75
ILccarion
incidence Odeg B0 deg
Angle

IRE=30F

0 deg | o deg [ 0deg i 0 deg

01728 02232 D972 02214 DsToR ﬂ'lé-l-ﬂ]
=30 00912 03343 12479 j0 a2 3I4R J0 3642
Table [X. Ermor in % using Parallel-Line Algorithm
(Assumption 2)
fimulanion
1]
FavlL 023 045 .73
L peation
Incidence Bidep P deg | Odeg | 90 dez | Odeg | 90 dez
langle
Ri=i{1 . = = - WE308 K IERE
Rr=301 - - = = I 36d3 [1.5304
Table X. Error in % using Parallel-Lime Algorithm
{ Assumption 2)
S imvulaton
Parameters
Fauh 25 0.43 075
Locmion
Incidence Odeg Rodeg | Ddeg | 0 deg | (deg | 20 deg
Hunple
=303 = = - = W.0334 0R3Is
RF=300 - - - - s posss
Table XI. Eror in % using Parallel-Line Algorithm
{Assumption 2)
Famislation
\Parameters
Fault 0.
Lacation
Incidence Odeg BOdeg | 0 deg | Y0 deg um'wueg

Phizse A to Growund Faule

Three Phase 1o Ground Faull

Phase B i Phase C

5 [E] [&E]

i

lAngle
[Rf=302 - - - 746802501
[RF=300 - - . - |10.638 J0.0920
Table XII. Error in % using Parallel-Line Algorithm

[ Assumption 2)
[Simulation
[Farameters
[Famlt 023 0.45 075
[ ocation
Encidence Ddeg POdeg | Ddeg | 90 deg | Odeg | 90 deg
janghe
RI=3{) = = = - DO4EE K04
RE=300 - 2 . = 00773 00648

Phaze A o Phase B to Ground Fault

CONCLUSIONS

The paper presents a novel approach in selving the
protlem of the fault locaticn on the transmission line having
significant magnetic coupling with another transmission line.
This approach wses synchronized samples of the end
violtages and currents of the faulted line and the samples of
currents from the magnetically coupled line, The exact fault
location equation is derived for a short fransmission line,
This equation directly relates the samples taken and the
location of the fault. The developed algorithm does not

require any approximation, fillering of the sampled signals
or the post fault steady state values. It can be applicd to the
faults having a time dependent resistance. Since phase
voltages and currents are used, and the equations are valid
tor any type of the fault, there is no need to calculate phasor
valiees or sequence voltages and currents.  Such approach
contributes to the computational simplicity and the execution
speed of the algonthm. |t offers the possibility to be used in
ofi=line protection devices.

Evaluation of the algorithm using a real
transmission line from Beaumont area was performed wsing
EMTP generated tests. In most of the cases the caleulation
ermor was very low; less than 0.5 percent. However, in four
cases the error was of the order of 2% or higher.
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APPENDIX A

Consider a faulted three-phase system in Fig A=l
The fault point is denoted with F, and it is at the distance x
from the line end 5. Due to the fault ocourrence at the
point F, the wransmission line is divided into two
homogeneous parts. one from the sending end 5 to the fault
peint F, and the other one from the receiving end B o F.
The relation between fault point F phase voltages and
currents 1@ ling end S phase voltages and currents is:

Fault
B F; R
il ¥ Isf1) valt)

Figure A-1. One Line Representation of the 3-Phase Line

g™ L"{ ¥5, g, X cemne e AT
Fs= L' § v, Iy X} e misnesesmssanasiomanrensanesian (D)

Similarly, the phase voltages and currents at the
fault point F are related to the line end R phase voliages
and currents as:

Vr ™ L { Vi fg d-x} ...... [T — FITTRTTREIRTSren f.’nJ’J

i =L' { vg, fa, dx} ..o "

Because of the continuity of the voltages, (Al)
and (A3) can be combined leading to:

Vs T Vg

B o M O I R S 2 B /L)

Linearity of operators L', L' enables expressions
{AS5) to be rewitten as:

LY [ v, dpmfy, X} = 0 e (A

The equation (A6) is the generic fault location
equation presented in [4]. It relates the unknown distance
x to the fault point F (from the line end 5) and to the phase
voltages and currents at both transmission line ends,

Derivation of Fault Location equations

The fault location equation for the single
transmission line can be derived using the generic fault
location equation of (AG) as follows:

Ve[ L} = Veusl{Uh & L [FonplpE} + g digafENdt] + % [Feupiqe (1)

* Furpluglt) + fop ig{EWdt + [ dis(t)dE ]=0.......oc... (AT)
m=abc p=ahb,ec

Equation (A7) can be rewritten in discrete form as:
AJEFBAK X = (o, el AB)

m=abcandk=1,._.2
‘Where AJk) and B (k) form=a, b, ¢, and k = 1,...N are
defined as:
Al KF=Y b K1Y (K1 F* (L)) il 4) -
(LT BT ) SOORORN .. )
Bl k) = {{FyH e/ AE) i)+ gD - (g AL
[ S .Y 1)

In the above equations. ves(&). and v.g(%) are
phase {sr=a, b, c) voliage samples at the time instants =
kA (=1, ..._.N) at the line end 5, and at the line end R
respectively. Similarly, ips(&), and i,y are phase curents
at the line end 5, and at the line end K. Here, At is the
sampling step and N is the total number of samples. Thus
x is determined using the lease square estimate for all the
three phases together:

L E b £y A K) BolR)]
x= ’ AL T)
[E s E et BB} ]

The expression (A1) s the explicit fault location
equation,

Branislava Perunicic received her Dipl. Ing Degree in
electrical engineering from University of Belgrade,
Yugoslavia, and Candidate of Sciences Degree in
automatic Control from the Institution of Automatics and
Telemechanics of USSR Academy of Sciences, Moscow in
1960, and 1963 respectively.

From 1960 upto now she is with Energoinvest Company,
Sarajevo, Yugoslavia. She joined the faculty of the
University of Sarajevo, Yugoslavia, in 1964, where now
she is a full professor. Cumrently, she is a professor in
Electrical Engineering Department at Larmar University,
Beaumont, Texas.

Asif Y. Jakwani (5°91) received his B.Sc. degree in
electrical engineering from Lamar University, Beaumont,
Texas in August 1993, Currently, he is a Graduate
Research Assistant in Electrical and Computer Engineering
Department at University of Texas at Austin. His areas of
interest include power gquality, power harmonics and
maodeling and simulation of power systems transients.

Miaden Kezunovie (5'77, M'80, SM'85) received his
Dipl. Ing Degree from University of Sarajevo.
Yugoslavia, his M_Sc and PhD degrees from University of
Kansas, all in electrical engineering in 1974, 1977 and
1980, respectively

Dr. Kezunovic industrial experience is with Westinghouse
Electric Corporation in the USA, and the Energoinvest
Company in Yugoslavia. He was a Visiting Associate
Professor at Washington State University during |986-87
and Texas A&M University during 1987-89, He has been
an Associate Professor a1 Texas AdtM since 1992,



