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1. Introduction.

The ability to accurately determine the location of faults on power systems lines are important as
they facilitate faster inspection and shorter repair times, leading to faster restoration of the
faulted lines. This greatly increases system reliability. At the same time, accurate fault locationis a
technical challenge because the fault location estimation is done based on the limited amount of
information gathered at the line terminals. Problems which must be overcome include finite
transmission line parameters accuracy, instrument measurement errors, coupling to adjacent
transmission lines, unknown and often non-linear fault resistance, finite duration of faults
resulting in short time window opportunity to capture necessary data.

The most common approach is to use voltage and current measurements from a single line
terminal to estimate the fault location using various assumptions and approximations. Such
approaches are referred as impedance-based single-ended methods and are nowadays a
standard built-in function in the transmission line relays. All these methods are based on a certain
assumptions due to lack of accurate information to solve equations. When assumptions are
satisfied for a given fault situation, the fault result is accurate. When the assumptions are not
satisfied, significant error may occur. Impedance based methods are challenged by too many
factors, including but not limited to;

e Parallel lines mutual coupling,

e Uncertainty in KO factor

e Fault resistance and power flow,
e System homogeneity,

e Weak-infeed applications etc.

Fault location systems that utilize information from more than one line terminals are referred to
as multi-ended fault locators. A multi-ended fault locator eliminates the key weaknesses of a
single-ended approach, but requires communication channels to rely data from geographically
dispersed line terminals to a single location where the actual fault location calculations are
performed. Some multi-ended methods don't require synchronization of the data between line
terminals. Accuracy of such non-synchronized measurements methods is affected by following
factors:

e \Variable in time arc resistance produces variations in phasors values

e Transients in voltages and currents due system response to the fault and instrument
transformers transients.

e Transients in phasors measurement due to filtering and phasor estimation. Time window
to capture phasors for accurate result transient “pre-fault to fault” is shortly followed by



the switch-off transient. With a modern 1.5- or 2-cycles breakers operating time capturing
fault steady state phasors becomes short, therefore challenging to capture correct values.

Fast-evolving faults may produce set of phasors and fault types at line terminals, which
do not match each other, if phasors are not captured at the same instance.

Some methods are using positive-sequence or negative-sequence voltages and currents. Three-
phase balanced faults do not produce any negative-sequence signals Therefore such method has
to add the positive-sequence based equations to eliminate this weakness. As a result, two sets of
calculations must be run in parallel, or coarse fault type identification must be performed. Purely
negative-sequence method produces nearly zero result for currents and voltages for three-phase
balanced faults.

A typical single- or multi-ended fault locator requires knowledge of the fault type, i.e. which and
how many conductors are involved in the fault, knowledge of the mutual coupling to adjacent
lines located on the same towers or in close proximity, and some other auxiliary information. The
remote portion of the multi-ended locator mentioned above needs to send both negative- and
positive-sequence based signals, or the two portions of the locator must work flawlessly in terms
of fault type identification. These extra factors are found through separate procedures, and if
delivered to the main fault location procedure with errors, they will impact the overall fault
location accuracy.

This paper presents a new patent pending multi-ended systems working in real time, such as

locators integrated within line current differential relays protection relays, taking advantage of
data transmitted already between terminals and adding minimum transmitted data to not exceed
bandwidth requirements for 87L communications.

2. New Method.

2.1. Goals of a new method

Goals of a new method were as following:

Take advantage of the transmitted synchronized per-phase phasors for the line current
different protection. Line current differential operates nearly at the same time, thus
capturing fault phasors at practically same instance.

Two- or three-terminal applications should be covered. In three-terminal applications the
algorithm reports the affected section of the line (T1-T, T2-T, T3-T), and the fault location
from the terminal closest to the fault (fault is between this terminal and the tap).

It is preferred to minimize the amount of extra information added to the line current
differential packet.

Eliminate fault location error due to mutual coupling, fault resistance, load, non-
homogeneity, non-synchronized measurements

Eliminate reliance of the algorithm on the phase selection information for fault location. A
single set of fault location equations applies to all fault types and phase involvement.
However, phase selection information can be used for determination of fault resistance.

Take advantage of compensation of the line charging current: the positive impact of the
compensation shall be passed on the fault location algorithm by using compensated
currents versus measured currents.



e |tis preferred to include compensation for mutual coupling with a parallel line. The mutual
coupling is characterized by the neutral current of the parallel line (310) wired to the ground
current input of the relay, and measured by this relay as a phasor.

e |tis desirable that algorithm reports fault resistances when possible. If relevant for
accuracy, the algorithm shall assume multiple fault resistances for multi-phase faults and
match such fault models to the measured currents and voltages. For example, single-line-
to-ground and line-to-line faults are modeled with 1 unknown resistance, double-line-to-
ground faults could be modeled with 2 or 3 unknown resistances, etc.

e Make fault location results available at all terminals immediately after fault.

e During line current differential channel failures provide single-ended fault location result at
each terminal as a backup.

The new fault detection system is based on the idea that synchronized voltage and current
measurements at all ends of the transmission line make it possible to use network equations
directly to compute the fault location without assumptions or approximations, using the
composite signals and associated network only. The composite signal is created in such a way
that regardless of the fault type, there is a disturbance in the composite signals. The composite
voltage at the fault can be computed from each end of the line by subtracting the line drop to the
fault from the voltage at that end using the composite voltages at the terminals, composite
currents and appropriate impedance. There are more equations in this composite signal model
than unknowns, so that it possible to solve for the fault location that will match the fault voltage
estimates made from all ends of the line. This simplifies the system and makes it highly accurate
by removing both assumptions and model parameters that may have inherent accuracy
limitations such the zero-sequence impedance of the line. The systems and calculations for two-
ended and three-ended systems are similar and will be described further.
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Figure 1. Two-terminal line model

2.2. Two-terminal line

The two-ended system executes an algorithm on measurements separately on each terminal.
Either result is sufficient to locate the fault. Both terminals will compute exactly the same fault
location, since they use exactly the same equations applied to the same data. This could be
summarized that the calculations are symmetrical in terms of identical equations executed at
both ends of the line, and redundant in terms of the results remaining in the a prior known
relationship. Thus, the two-ended system can compare the results of the calculations to ensure
accuracy. In a further embodiment of the two-ended system, the system can be configured to
subsequently calculate fault resistance at each terminal from the fault location plus local
measurements, so that each terminal may compute a slightly different estimate. The two estimate
values can be averaged to increase accuracy.



The system algorithm is based upon the following fault measurements and settings with
reference to Figure 1:

I(1)=composite current phasor flowing into the line at first terminal
I(2)=composite current phasor flowing into the line at second terminal
V(1)=composite voltage phasor at first terminal

V(2)=composite voltage phasor at second terminal

Z=complex line impedance

L=line length between first and second terminals,

F=fraction fault location from first terminal

D=F-L=distance from first terminal to fault location

The new algorithm uses generalized Clarke transform to represent voltages and currents for the
purpose of fault locating. The traditional Clarke transform works for both instantaneous and
phasor values, and uses the following equation for one of its components:

v = 2VAYBVC (Eq. 1)

The above has a weakness of zeroing out currents for BC faults, and as such does not meet the
requirement of delivering a signal representing the fault under all circumstances. Therefore
equation (1) is generalized by this invention as follows:

y=2VA-bVB-b C (£q.2)

Where b is a complex number given by:
b=1+j-tan(a) (EqQ. 30)

and b* is a conjugate of b, or mathematically:

b =1-j tan(a) (Eq. 3b)

where alpha is an arbitrary angle. Note that with alpha=0, the generalized Clarke transform of this
invention becomes the traditional Clarke transform. This particular implementation uses o =pi/ 4,

or 45 degrees. It shall be noted, however, that many angles meet the requirements of
representing any type of fault and being not sensitive to the ground current coupling. Also, it shall
be noted that many other combinations of the phase signals (A,B,C) make the requirements of
representing any type of fault and being not sensitive to the ground current coupling. This
algorithm ensures that a single signal is created to represent the three measured signals (A,B,C)
for the fault location purposes, in such a way that the ground currents do not affect the said
signal, and the said signal is non-zero for all fault types

Both phase currents (IA1B,IC) and voltages (VA VB,VC) at all the points of interest are converted
into the composite signal such as the generalized Clarke transform using the same
transformation method throughout the network of interest. This conversion takes place in the line
current differential relays that locate the faults, and is performed mathematically on all signals
when deriving the fault location method and equations.

In the case of phase current measurements that are compensated for charging current of the
transmission line, the compensated phase current phasors are used when deriving the composite
current signals, and will provide a fault location estimate that takes full advantage of the
compensation. Effects of charging current are described further below.



The fractional fault location is given by:

V(l)—V(2)+|(2)

F=Rea| — 2 (Eq. 4)

1)+1(2)

Equation (4) takes advantage of redundancy in the data. There are more equations than
unknowns, so a least mean squares fit is used. The equation is independent of faulted phase, fault
type, fault resistance, and zero-sequence (ground current) coupling to an adjacent transmission
line, if any.

It is important to understand the value of the total line impedance of the transmission line, Z,
used in equation (4). This value is a complex ratio of the composite voltage and composite current
measured at one end of the line with the other end under fault. Note that the fault type is not
relevant, and the said ratio, will be the same regardless of the fault type. Practically this
impedance is equal to the negative or positive sequence impedance of the line and is readily
available.

Equation (4) can be computed at either or both first and second line terminals, producing
exactly the same fault location estimate, except measured from opposite ends of the line. As one
will recognize, the roles of the two terminals are exchanged when changing the terminal at which
equation (4) is computed. The two F values should sum identically to 1.

2.3. Three-terminal line

The two-terminal algorithm described above is readily extended to a three-terminal system, such
as shown in Figure 2. The situation for a three-terminal system is illustrated for the case in which
the fault is on the line from the first terminal to the tap. The situations for a fault located on one of
the other two line segments are not shown, but can be obtained by a cyclic permutation of line
indices.

The three-terminal system executes an algorithm at each terminal that has information from all
three terminals. In the case where one communication channel is down, this may be only one of
the three terminals. The system algorithm has two parts—one part that determines which line
segment is faulted, and a second part that locates the fault on the faulted segment. As with the
two-terminal system, the algorithm will calculate exactly the same fault location from each
terminal.

The following measurements and parameters are assumed to be available:

(1), 1(2), I(3)=composite current phasors flowing into first, second and third line segments

V(1), V(2), V(3)=composite voltage phasors at first terminal, second terminal, and third terminal
Z(1), 2(2), Z(3)=complex composite impedance of first, second and third line segments

L(2), L(2), L(3)=line lengths of first, second and third line segments

It is, of course, the goal to determine which line segment has fault, and the distance of the fault
from the corresponding line terminal. The following parameters are used to determine the line
with fault and distance from a given terminal to the fault:

N=terminal index of the faulted line segment (N=1, 2, or 3)
F=fractional fault location from Nth terminal
D=F-L(N)=distance from Nth terminal to fault location



Initially, three separate estimates of the voltage at the tap are made, assuming unfaulted
condition between the tap point and a given terminal, starting at each of the first, second and
third terminals. The fault location algorithm thus uses the following estimates of the tap voltage:
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Figure 2. Three-terminal line fault location model
VT(1)=V(1)-1(2)-2(2)
VT(2)=V(2)-1(2)-2(2) (Eq. 5)
VT(3)=V(3)-1(3)-2(3)
where VT(1), VT(2) and VT(3) are the tap voltages calculated from each of the first, second and
third terminals, respectively.

Next, the line segment containing the fault is determined. Recognizing that the voltage drops
around a loop through the unfaulted line segments will sum to zero can do the determination of
the line. Residual voltage phasors are computed for each loop. The loop with the lowest residual
voltage contains the two unfaulted line segments. In other words, only one line segment is faulted
and the two unfaulted segments allow the two terminals to estimate the real tap voltage. As a
result if a given pair of terminals determines the same tap voltage, the fault must be between the
tap and the third terminal. The following equations are used to calculate the squared magnitudes
of the residual voltage phasors in each loop as indicators:



R2(1)=VT(2)-VT(3)°

R(2)=|VT(3)-vT(1)f (Eq. 6)

R(3)=|VT(1)-VT(2)°
where R2(1), R? (2), and R (3) are the squared magnitudes. The index, N=1, 2 or 3, of the line
containing fault is the same as the smallest residual voltage phasor indicator. In the case where

all of the indicators R? (1), R? (2), and R (3) are approximately equal to each other, then the fault is
close to the tap.

Once the index N of the line, containing fault is determined, the fault is located using a formula
derived for the two-terminal lines fed with data appropriate for that line segment. Each formula is
obtained from any of the other formulae by a cyclic permutation of the indices N. The formulae for
each index or line are given below. First, a best estimate of the voltage phasor at the tap point
and the fault current contribution from the tap are computed using current phasors and the tap
voltage estimates computed in equation (5), above:

if N=1: W:M; IT=102)+1(3) z=2(1)
if N=2:VT=M; T=11)+13) Z=2(2) (Eq. 7)

if N=3: VT=—VT(1)“2LVT(2); IT=1(1)+12) 2=2(3)

The fractional fault location from the terminal end of the line segment, containing fault is then
computed from the terminal and tap current and voltage phasors. The tap point acts exactly as
the other terminal in the two-terminal algorithm.

V(1)—VT+|T
if N=1:F =Real —<

(1)+1(2)+1(3)

V(2)—VT+|T
if N=2: F=Real| -—£——— (Eq. 8)

1)+12)+1(3)

V(3)—VT+|T
if N=3: F=Real -—<

1)+12)+1(3)

The actual distance down the po_rticulor line is subsequently computed by multiplying the
fractional distance by the length of the affected line segment D=F-L(N).

Equation (8) can be implemented at any or all of the three terminals that have the necessary
information available. All three results will be identical. It should be noted that some care must be
taken with the fact that the three terminals have different indices within each terminal in a peer-
to-peer architecture such as described in the embodiment of Figure 2. As will be appreciated, if all
three communications channels are in operation, then all three terminals can compute the fault
location, whereas, if only two are in operation, then only one terminal can perform the
computation—the terminal, which is connected to both operational channels. If only one channel
is operational, then faults cannot be detected or located using the system. As will be understood,



all of the required measurements can be obtained and calculations can be made using
conventional single-ended method.

2.4. Fault resistance

Fault resistance can be computed as well. Once the fault is located, it is a simple matter to
estimate the fault resistance. The details depend on the fault type and the number of terminals.
The following explanation considers the two-terminal equations. The three terminal equations are
similar, and are easy to understand how to obtain those equations from the two-terminal
explanation below.
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Figure 3. Typical configurations of mutually coupled lines

For a single line to ground fault, the fault resistance is estimated by taking the real part of the
ratio of the fault voltage and current phasors for the faulted phase. The voltage phasor is
estimated by starting at the terminal end, where phase voltage phasors are known and
subtracting the voltage drop at the fault. The possible effects of the mutual coupling from an
adjacent line are considered. Figure 3 demonstrates some typical configurations of mutually
coupled lines: a) partially coupled lines originated at one bus but terminated at different buses; b)
partially coupled 3-terminal lines; c) double circuit line originated and terminated at the same
buses; d) 3-terminal line with mutually coupled 2 legs to the tap only. It should be noted that (c)
configuration only is preferred to apply mutual coupling compensation for the fault location
purposes (same as for distance relaying as well). Other three configurations are not feasible for
implementation using new method, as 310 current from parallel line is not measured at all
terminals. It means that 310 current from parallel line should be transmitted in the packet to all
terminals, which increases packet of 87L data very much, especially in the case of 3-terminal line.

With reference to Figure 1 and Figure 4, the case of a phase A to ground fault is considered. The
equations for B to ground faults or C to ground faults are similar, except the quantities from the
appropriate phase are used.

First and most important is that fault location result is not impacted by the mutual coupling and
gives correct fault location result as shown in previous calculations above. Next we calculate the
portion of mutual coupling:

if(D <Lm) Fn =D/Lm elsefp =1 (Eq. 9)



which means that if fault on the line, then mutual coupling impedance of the portion Fyy of line

involved in the fault, is considered to calculate zero-sequence voltage drop due to mutual
coupling.

Estimate the phase to ground phase A voltage at the fault from local relay:

Va(F) = Va () =F-((1a (1) =10(1))- 21 +10(1) - Z0) = Fryy - 107, - ZOpm (Eg. 10)
where 10m is zero-sequence current measured from the parallel line (I0m =3I0, /3) and Z0yy, is
a mutual impedance of the line
and compute phase A current at the fault location:

IaF) =171 +17(2) (Eq. 11)

where index 1 refers to current measurement from local terminal and index 2 refers to current
measurements from the remote terminal.

Finally, compute the fault resistance:

RA(F)=ReoI(VA(F)J (Eq. 12)

IA(F)

Analysis of the phase-to-phase fault is simpler, because we do not have to worry about zero
sequence coupling. The following is the result for a phase A to B fault.

First, estimate the phase-to-phase voltage at the fault:

Vag(F) = (VA1) =g (1) —F- (151 —Ig(1)- 21 (Eq. 13)
Estimate the phase to phase fault current:
1
IAB(F)=§(IA(1)+IA(2)—IB(l)—IB(Z)) (Eq. 14)
Finally, compute the phase-to-phase fault resistance, using result of equations above:
RAgIF) = ReoI(VAB(F)J (Eq. 15)
ng(F)

The B to Cand C to A cases are similar, with a cyclic permutation of the phase indices

For the three-phase fault situation, an equivalent fault resistance is reported as the real part of
the ratio of the positive sequence voltage to current at the fault. In the case of a three-phase fault,
a somewhat better estimate of the voltage at the fault can be constructed by averaging the
estimates using positive sequence voltages and currents from both ends:

V(F)=%(V(1)—F~I(1)~Zl+v(2)—(1—F)~I(2)~Zl) (Eq. 16)

The fault resistance is:

RIF) = Reol(l(l\)/(%J (€q. 17)

Finally, the case of an A phase to B phase to ground fault is considered, using the following fault
resistance model in Figure 4:



Phase A Phase B

Rphase/2 Rphase/2

Rground

Ground
Figure 4. Fault resistance model

Because of the involvement of the zero sequence network, the equations for fault voltage for the
single line to ground fault are applied to both phases:

Compute the distance to the fault and mutual coupling impedance of the portion Fy, of line
involved in the fault as for single-line-to-ground fault above:

Estimate the A phase to ground voltage at the fault:

Va(F) =Va 1) =F-((1a (1) —10(1))- Z1 +101) - 20) - Frpy - 10 - Z0rmy (Eq. 18)
Estimate the B phase to ground voltage at the fault:

ViglF) =Vig(1)—F - (g (1)~ 10(1))- Z1 +10(1) - Z0) - Frpy - 10, - Z0rmy (Eq. 19)
Compute the A phase fault current:

A(F) =1a1+17Q) (Eq. 20)
Compute the B phase fault current:

Ig(F)=1g(1) +Ig(2) (Eq. 21)
Compute the phase-to-phase resistance:

Rph(Fl= 2~Reo|(%} (Eq. 22)
Finally, compute the ground resistance:

Rgr(F) =%~ Reol[\fAEF)JFVB (F)J— Rph'P (Eq. 23)

aF)+BF) ) 4

Thus, the resistance of the fault can be computed in different ways as described above to account
for fault type and mutual coupling. The fault resistance information combined with the fault
location enables operators of power transmission lines to more effectively manage their systems.
As discussed above, the information can be obtained from any terminal connected to the
minimum number of other terminals to receive the necessary data for determining the fault
location and/or fault resistance.



For fault resistance calculations, fault type should be determined first. Phase-segregated line
current differential principle is the best phase selector. First of all, line differential protection
triggers fault location algorithm for the line internal faults only. Secondly, weak-infeed, load, fault
resistance and other factors, which challenge impedance based or sequence components based
methods, do not affect line differential faulted phase determination. Thirdly, it provides
symmetrical fault type identification at all line terminals and same fault location result. If,
however, sequence components differential element operates, such as neutral or negative-
sequence differential, then determination of the faulted phase for SLG fault is still needed using
outside of line differential means.

2.5. Charge current compensation

If line current differential relay is capable to perform charging current compensation, it is possible
to extend the benefits of charging current compensation into fault location.

Charging current compensation usually in the relay is based on a simple lumped approximate
model of charging capacitance for both zero-sequence and for non-zero-sequence. For the
algorithms considered in this paper, only the positive sequence model is relevant.

Since the fault location system utilizes the composite signal network, the model circuit shown in
FIG. 4 approximates the network reasonably well. The normal (unfaulted) system state model is
equivalent to presuming that the total charging current depends on the total line capacitance and
the average of the voltages V(1), V(2) at both ends of the lines. The implicit assumption in this
current compensation model is that the voltage on the line varies linearly along the line from one
end to the other. This is true during normal (unfaulted) conditions, but is not true during faulted
conditions. Accordingly, the result is that these assumptions are violated by a fault condition. This
works well for fault detection, but requires a further investigation of the effect of charging current
on fault location.

Zs0) ), Pz (1-F-Z ) Zs(2)
1 [ | L F
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V(1)

1 VIF), I(F) Vi2)
@ —_ —_ —_ p— @
F=C/2 F-C/2 (1-F)-C/2 |(1-F).C/2

Figure 5. Faulted line model with charging current

During a fault, the voltage profile on the line is approximately two straight lines from the
terminals to the fault, which results in the model shown in Figure 5. If a device is operating on the
system in a charging current compensation mode, the composite current phasors on each line
become:

10=10-joSv0) : 10)=12)- o> ve) (Eq. 23)
where C is the capacitance understood as the representing the composite charging current of the
line under a composite excitation voltage. In practical situations this capacitance is equivalent to
so called positive or negative sequence capacitances of the line.



The equation for the composite voltage drop from the first terminal to the fault, as shown in
Figure 5, is:

F~I(1)~Z:V(1)~(1+F2 : jco%ZJ—V(F) (Eq. 24)
and the voltage drop from the second terminal to the fault is:
(1-F)I()-Z =v(z).(1+(1_F)2 . jm%ZJ—V(F) (Eq. 25)

It can be noticed from equations 23 to 25 that both current and voltages are affected line shunt
capacitance, thus introducing an error in fault location result if not compensated for joC factor.

For 100 miles line the error in fault location is about 0.2%, but for 500 miles is as high as 5%.

3. Comparative testing with single-ended methods.

For the purpose of illustration of the new algorithm and a comparison with single-ended fault
locators, RTDS testing with a sample line was carried out. Line under testing was 345kV double-
circuit line 99.5 miles length, with 21=61.3Q./84.7°, 20=192.8Q.273.1° and mutual-coupling
Z0M=110.6Q impedances. Sources: S1 (where single-ended fault locators were located)
S121=23.07Q2£79°,5120=23.7Q./75.3° impedances and S2 were S221=40.9Q./86°,
S220=81.35QL77°
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Figure 6. Error for variable fault resistance for fault along the line, 0.66pu output power



Two different manufacturers single-ended impedance based fault location method relays were
used for this testing denoted further as SEFL 1 and SEFL 2, side by side with a multi-ended method
MEFL relay.

3.1. Error for variable fault resistance with an export 0.66pu power flow.

Figure 6 illustrates the error of 3 fault locators for this test. Parallel line was switched off to
eliminate effect of mutual coupling. Error is reported in miles as this is what most important for
operations personal dispatched to inspect the line. We can see that for 0 fault resistance all 3
methods give good results. However, the farther the fault and the higher is fault resistance, error
is reaching 5 miles for SEFL relay 1, 2.5 miles for SEFL relay 2 and stays almost flat not exceeding
0.5 miles for multi-ended method relay.

3.2. Error for variable fault resistance with an import 0.66pu power flow.

Figure 7 illustrates the error of 3 fault locators for this test. Parallel line was switched off to
eliminate effect of mutual coupling. Error is reported in miles as this is what most important for
operations personal dispatched to inspect the line. We can see that for 0 fault resistance all 3
methods give good results. However, the farther the fault and the higher is fault resistance, error
is reaching 6 miles for SEFL relay 1, 4.5 miles for SEFL relay 2 and stays almost flat not exceeding
0.25 miles for MEFL.
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Figure 7. Error for variable fault resistance for fault along the line, 0.66pu import power



Power import flow is causing noticeable error increase for the single-ended methods, while multi-
ended method is not affected.

3.3. Error for different fault types with an export 0.66pu power flow.

Figure 8 illustrates the error of 3 fault locators for this test. No mutual coupling and no fault
resistance is applied for this fault. Four fault types AG, AB, ABG and ABC were applied. For export
power SEFL1 method exhibits extra error of 1.5 miles maximum for multi-phase fault while 2
methods give good results.
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Figure 8. Error for fault type test for fault along the line, 0.66pu export power

3.4. Error for different fault types with an import 0.66pu power flow.

Figure 9 illustrates the error of 3 fault locators for this test. Same conditions, as in 3.3 above, but
with importing 0.66pu power. We can see that SEFL1 error is slightly lower but SEFL2 is exhibiting
now significant error of up to 2 miles. MEFL result is still within 0.5 miles error.
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Figure 9. Error for fault type test for fault along the line, 0.66pu import power

3.5. Error for mutual coupling effect combined with fault resistance with an import 0.66pu
power flow.

Figure 10 illustrates the error of 3 different fault locators for this test. SLG fault applied always at
50% of line length with a variable value of mutual coupling impedance and variable fault
resistance while importing 0.66pu power. Mutual coupling impedance is expressed as a ratio of
mutual zero-sequence impedance to line self zero-sequence impedance Z0M/Z0 from 0 to 0.8
ratio range. Also fault resistance was applied 0 to 8 ohms. We can see that SEFL relay 1 error is
reaching 6 miles and SEFL relay 2 is reaching 3.7 miles error for the worst mutual coupling and
fault resistance. MEFL relay result is not exceeding 0.5 miles error.
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Figure 10. Error for mutual coupling effect combined with a fault resistance. Test for a
fault 50% on the line, 0.66pu import power

3.6. Error for SIR, system non-homogeneity combined with fault resistance with an import
0.66pu power flow.

Figure 11 illustrates the error of 3 different fault locators for this test. SLG fault with a fixed 4Q
fault resistance applied always at 50% of line length with a variable value of SIR (source
impedance ratio) and angle between local (behind terminal where SEFL relays are connected) and
remote sources while importing 0.66pu power. We can see that SEFL relay 1 error is reaching 5
miles for SIR tests while SEFL relay 2 is not capable to calculate fault location for SIR greater than
6. MEFL relay result is not exceeding 0.35 miles error.

System non-homogeneity combined with 4Q fault resistance is causing error of 2.15 miles for
SEFL relay 1 and 1.84 miles for SEFL relay 2 while MEFL relay result is not exceeding 0.25 miles
error.
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4, Conclusions

This paper presents new multi-ended method for locating faults on the transmission lines and
incorporated into line current differential relay. Advantages of this method are:

Integrated into line current differential relay via 87L channel, thus no additional cost
associated with additional communications channel or additional devices/wiring is
involved for fault location purposes.

Applicable to both two and three terminal applications with real-time fault location and
fault resistance reporting at all terminals.

Immunity to the zero-sequence coupling of adjacent system elements and uncertainty in
KO factor.

Immunity to a fault type, fault resistance, power flow, system non-homogeneity and
weak-strong source applications.

Increased accuracy comparable with travelling wave fault locators due to synchronized
measurements, charge current compensation.

Single-ended methods are impacted by too many factors, which makes then unreliable for
operating personal.

It was demonstrated in this paper that new fault location method based on the synchronized line
current differential measurements gives significant advantage over single-ended methods in
accuracy and gives accuracy comparable with a travelling wave fault locators at no extra cost.
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