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L. INTRODUCTION

Transmission lines are exposed to faults due to bad weather (hurricanes, lightning), insulation
breakdown, short circuits by birds, and contact by tree branches and other objects. Temporary
faults are cleared by tripping then autoreclosing. For permanent faults, the power supply is
restored only after the maintenance crew finds and replaces the failed component. For this
purpose, precise fault location should be known, else the fault location identification job turns out
to be tedious and time consuming for long transmission lines spread across rugged terrains such
as hilly areas, mountains, and deserts, etc. Visual inspection techniques are advanced, from road
patrols to air patrols and, more recently, to trials with drones and unmanned aerial vehicles, etc.
These methods may not be cost effective for long transmission lines. Identification of fault location
with high precision on transmission lines is of great value to transmission asset owners and
maintenance crews as it helps in expediting maintenance work and achieving quick restoration of
the line. Quick restoration of service improves the reliability of power supply and reduces the
financial loss for the utilities and end users.

Traveling wave (TW)-based fault locators are used to locate the fault within a 1-2 tower span
distance. The performance of TW-based fault location methods depends on accurate detection of
wavefront arrival times, sampling rate, and data synchronization. The single-ended TW-based
methods use the incident and reflected wave arrival times to locate the fault. The single-ended
TW-based techniques pose challenges in identifying the waves reflected from the location of the
fault and the remote substation terminals, as well as the waves reflected from the buses of
adjacent networks connected to the protected line. Therefore, the practical implementation of the
single-ended TW-methods is challenging and limited. Two-ended TW-based methods are more
accurate, and these methods are in practical use. However, accuracy of TW-based fault location
algorithms depends on traveling wave detection, data synchronization, IED hardware, processing
of multiple reflections, filtering of noise, correction of substation secondary cable delays, and wave
speed, etc. These data synchronization and wave speed errors can be corrected by conducting
experiments such as creating a fault at a known distance and calculating the secondary cable
delays and wave speed. This process is difficult, requires more engineering effort and is not cost-
effective. Besides, they are not economical solutions for transmission asset owners due to the
high cost involved in dedicated hardware and solution tuning efforts.

Present communication technology allows for the use of data from all ends of the line to calculate
the location of the fault. This offers an economical alternative to TW-based methods that require
high IED sampling rates. For the fault location methods presented in this paper, one IED is
required at each end of the line, and each IED must be connected to each other IED via a 2Mbps



communication link. At each line-end, the local currents and voltages are connected to the local
IED, which digitizes these inputs to obtain sampled values of the local currents and voltages.
Each local IED sends these sampled values to the remote IED/s. Hence all remote IEDs receive
the currents and voltages from the local IED as sampled values. The |IEDs need to be time
coordinated (time synchronized) so that, on receipt of the current and voltage sampled values
from a remote IED, the local receiving IED can time coordinate these with its current and voltage
sampled values, and interpolate as required to obtain remote values that are time aligned with
the local values. Each IED therefore has available to it time aligned sampled values of the local
and all remote currents and voltages. It is from these sampled values that the pre- and during-
fault positive-sequence phasors are calculated.

Il TRANSMISSION LINE MODELED AS A GENERAL TWO-PORT NETWORK

To characterize transmission lines using ABCD parameters, the line is modeled as a general two-
port network. The two-port model of a transmission line has input port PQ (voltage V1 and current
I1) and output port RS (voltage V2 and current [5).
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Fig. 1: two-port network
The ABCD parameters of a transmission line give the relationship of the input voltage and current
to the output voltage and current, i.e. they link the input and output voltages and currents. The
input voltage and current (V1 and |1) are derived from the output voltage and current (V2 and )
as follows
V4=AV> + Bl

l+ = CVz2+ Dl
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The ABCD parameters for a long line are

or, in matrix form
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Va1=AVg1 + Blg1 = cosh(y/)Ve1 + Zcen*sinh(y/)ls1

a1 = CVa1 + Dlgs = 21—h*sinh(yl)VB1 + cosh(y])le1
Cl

where

» [is the length of the line in meters
e Zen = VZuilYu s the characteristic impedance of the line

. y= VZL*Yi1 s the propagation constant of the line

* Zi1, Y1 are, respectively, the positive-sequence series impedance and positive-sequence
shunt admittance of the line, per meter of the line length

Note, the output voltage and current (V2 and I2) can also be derived from the input voltage and

current (V1 and |1) follows
V2| |D -B|| Vi
L]~ |-C Al I

i.e. Vz = DV1 - B|1

I, =-CV1 +Al

lil. TWO-ENDED LINE FAULT LOCATION
The following set line parameters are required

* Ry = the positive-sequence resistance of the line
* Xu1 = the positive-sequence inductive reactance of the line

where Z1 = Ry + jX11
» By1 = the positive-sequence susceptance of the line
where Y1 = Gt + By
* [ =the length of the line (in kilometers or miles)
The solution does not require source impedance values or fault loop information.
Synchronized (aligned) voltage and current sampled values (all three phases of voltage and

current) from both End A and End B are available to both IEDs (i.e. to the IED at each end of the
line) from each IED’s disturbance recorder (from the record triggered by the fault).



AtEnd A
* Jocal Vi1 and I.1 = Va1 and a1, and
« remote Vg1 and Ir1 = Va1 and lpq

AtEnd B

* Jocal Vi1 and I.1 = Vg1 and Ig1, and
* remote Vr1 and Ir1 = Var and laq

Fault location calculation

The fault location method for two-ended lines uses measurements from both line ends. The main
idea is that the fault location is derived by equating the fault-point voltage calculated from
measurements from both ends of the line.

IED at End A

A fault occurs at distance da from End A.

End A End B
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Fig. 2: positive-sequence network during a fault
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In Fig. 2

* Va1, lar are during-fault positive-sequence voltage and current phasors measured at End A
* Va4, Ig1 are during-fault positive-sequence voltage and current phasors measured at End B
* Vg is the during-fault positive-sequence voltage phasor at the fault-point

* Ias is the length of the line

The during-fault positive-sequence voltage phasor Vr1 can be calculated from the End A during-
fault quantities (Va1, la1 = VFiaa), as well as from the End B during-fault quantities (Ve1, lg1 —
Veiga). The IED at End A has the measured during-fault quantities from both ends, so can make
both calculations.

* dais the fault-point as per unit of line length from End A

* 1-dais the fault-point as per unit of line length from End B

* Virand I = Var and la1, i.e. Va1 and las are the local-end voltage and current Vi1 and |4

* Vgriand Ir1 = Vg1 and Ig4, i.e. Va1 and Ig¢ are the remote-end voltage and current Vr1 and Irs

Vriaa = cosh(ydalas)*Vi1 - Zen*sinh(ydalas)*ILs (1)

VEiga = cosh(y(1-da)/as)*VRr1 - Zen*sinh(y(1-da)/as)*Ir1 (2)



Expanding (2)
VE1sa = (cosh(ylas)*cosh(ydalas) - sinh(y/as)*sinh(yda/as))*Vr1

- Zen*(sinh(ylas)*cosh(ydalas) - cosh(yias)*sinh(ydalas))*Ir1 (3)

As VFriaa = VEBa, the distance to fault da from End A can be calculated by the End A IED by
equating (1) and (3), i.e. by equating (1) and (3) an equation can be derived to calculate da that
is a f(the set parameters and available during-fault measurements).

cosh(ydalas)*VL1 - Zen*sinh(ydalas)*IL1 = (cosh(ylas)*cosh(ydalas) - sinh(y/as)*sinh(yda/as))*Vr1
- Zen*(sinh(ylas)*cosh(ydalas) - cosh(ylas)*sinh(yda/ag))*Ir1

from which

da= ——* nh-1( cosh(ylas)*VRr1 + Zen*sinh(ylag)*Ir1 - Vi1
' sinh(y/ag)*VR1 - Zen*cosh(ylag)*Ir1 - Zen™IL1

viaB

The above equation to calculate da is a f({the set parameters and available during-fault
measurements).

IED at End B

The IED at End B makes a similar calculation.

ds (= 1-da in Fig. 2) is the fault-point as per unit of line length from End B
1-ds (= da in Fig. 2) is the fault-point as per unit of line length from End A

Vi1 and I1 = Vei and Igy, i.e. Ve1 and lgs are the local-end voltage and current Vi1 and I
VRr1 and Ir1 = Var and las, i.e. Var and las are the remote-end voltage and current Vg1 and Irq

Vries = cosh(ydslas)*VL1 - Zen*sinh(ydslas)*IL1 (4)
Ve1as = cosh(y(1-ds)ias)*Vri - Zen*sinh(y(1-ds)as)*Ir1 (5)

By equating (4) and (5), i.e. Vriss (4) = Vg (5), an equation can be derived to calculate dg that
is a f(the set parameters and available during-fault measurements), where dg is the distance to
fault from End B calculated by the End B IED.

Line parameter estimation

The accuracy of the two-ended fault locator described above depends on the accuracy of the set
line parameters Ri1, X.1 and Br1. As these transmission line parameters are not known with great
precision, there can be a significant error between the actual and the set values of the line
parameters. Line parameters with little accuracy are sufficient for protection applications, but for
accurate fault location precise line parameters are required. Furthermore, these line parameters
are not constant as they vary with conditions such as weather, age of the conductor, etc.

The parameter estimation method for two-ended lines uses measurements from both line ends.
Synchronized (aligned) pre-fault voltage and current sampled values from both End A and End B



are available to both IEDs (i.e. to the IED at each end of the line) from each IED’s disturbance
recorder (from the record triggered by the fault).

The method estimates the line parameters using positive-sequence pre-fault phasors and the line
length using a two-step approach. The line parameters are first calculated using the lumped
parameter « line model in step one, and the distributed parameter = line model in step two. The
parameters obtained from step one are given as the initial guess for step two to solve the nonlinear
equations.

The following set line parameters are required

* [ =the length of the line (in kilometers or miles)

i) __step one — initial quess calculation using the lumped = model of the line

Consider the transmission line shown in Fig. 3.

Ea End A End B Es
)] e
| |

Fig. 3: two-ended transmission line

Fig. 4 shows the lumped © model for the transmission line shown in Fig. 3.
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Fig. 4: two-ended transmission line lumped © model

«— 0.5%a8*Y1L1

In Fig. 4

* Va1, lar are pre-fault positive-sequence voltage and current phasors measured at End A

* Ve, Ig1 are pre-fault positive-sequence voltage and current phasors measured at End B

* laL1 is the pre-fault positive-sequence current flowing through the series impedance /ag*Z.+

* s is the length of the line in meters

* Zi4, Y1 are, respectively, the positive-sequence series impedance and positive-sequence
shunt admittance of the line, per meter of the line length

The pre-fault positive-sequence current phasor la.1 can be calculated from the End A pre-fault
quantities (Va1, la1), as well as from the End B pre-fault quantities (Vg1, Ig1). As the IED at each
end of the line has the measured pre-fault quantities from both ends, both IEDs make the same
calculations.



IED at End A

. V|_1 and ||_1 = VA1 and |A1
*  Vrrand Ir1 = Va1 and Igs

From Fig. 4
laciaa = L1 - 0.5*1a8*Y1L1*V1L1 (6)
laL1ea = Ir1 + 0.5*/a8*Y11*VR1 (7)

As IaL1aa calculated from End A measured values = | 184 calculated from End B measured values,
YL1 can be calculated from (6) and (7) by equating them, i.e.

IL1 - 0.5%1a8*YL1*VL1 = [r1 + 0.5%7a8YL1*VR1

from which
Yii = 2, - Ir
I Vi1 + Vri (8)
Again from Fig. 4
VL1 - Vri = laiaa*las*Zin (9)

Substitute laL1aa from (6) into (9)
Vi1 - Vr1 = (It1 - 0.5%1a8*YL1*V11)*1a8*Z L1 (10)
Then substitute Y4 from (8) into (10)

IL1 - Irg

Vi1 - Vre = (I - (Vu Ve )*VL1)*Ia8*ZL1
from which
gy = L (VP (Vi
Ias *Viilr1 + VRrilLs (11)
From (8) and (11)
Ru1 = real(Zp1); Lt = —im;?;ZU); Cui = —im:;i(qu)

R, Lu1, and Cyiq are, respectively, the positive-sequence resistance, inductance, and capacitance
per meter of the transmission line length. f is the system frequency in Hz. These parameters
obtained using the simplified lumped © model of the line are used as the initial guess in the next
step.



IED at End B
The IED at End B makes a similar calculation with
b V|_1 and ||_1 = VB1 and |B1

. VR1 and |R1 = VA1 and |A1

ii) _step two — estimated line parameter calculation using the distributed = model of the line

The estimated line parameters are calculated using the distributed © model of the line as shown
in Fig. 5.

End A End B
I Zensinh(ylag) |lBl |
| '|

v, V,
A 2 tanh(0.5)ns) —— B
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Fig. 5: two-ended transmission line distributed = model

In Fig. 5

* Va1, lar are the pre-fault positive-sequence voltage and current phasors measured at End A

* Ve, Ig1 are the pre-fault positive-sequence voltage and current phasors measured at End B

* Zi1, Yi1 are, respectively, the positive-sequence series impedance and positive-sequence
shunt admittance of the line, per meter of the line length

* Iag = length of the line in meters

Rt + jwlLiq
e Zeon = VYU = characteristic impedance of the line = JwCL

= VZu*Yu1 = propagation constant of the line = V(Ru1 + jwLL1)*(wCl1)
IED at End A

. V|_1 and ||_1 = VA1 and |A1
*  Vriand Ir1 = Vg1 and I1

From the two-port network shown in Fig. 5

Vi1 = cosh(ylas)*Vr1 + Zen*sinh(ylas)*Ir1 (12)

7 *sinh(ylas)*VRr1 + cosh(y/as)*Ir1 (13)

L1 =



The non-linear equations (12) and (13) are solved by using the least squares method to obtain
the actual parameters of the line. The initial guess required for this solution is obtained from the
previous step.

The final parameters are determined using the following relationships

Zi1=Zon™y=Ru1 + jXu1 (14)

A

/4
Yu=5— =Gu +jB
L1 Zs L1 + JBL1 (15)

From (14) and (15)

_ - _imag(Zi1) _imag(Yi1)
RiL1 =real(ZL1); Lt = “onf Cu1 = o

Ru1, L1, and Ciq are, respectively, the positive-sequence resistance, inductance, and capacitance
per meter of the transmission line length, which are estimated using the pre-fault voltage and
current measured at both ends of the line. These estimated parameters can be used as input to
the fault location calculation.

When fault location is calculated using the estimated parameters, just the line length and during-
fault positive-sequence phasors are needed. No set line parameters are required other than the
line length.

IED at End B
The IED at End B makes a similar calculation with

* Vyrand I = Ve and gy
*  Vgrrand Ir1 = Va1 and las

Iv. THREE-ENDED LINE FAULT LOCATION

There has been a huge growth in the number of multi-ended tapped lines mainly due to increased
renewable integration into the grid. To transmit power from a renewable energy source, or supply
power to bulk industrial loads, multi-ended or tapped lines provide an attractive solution at
minimum cost. This is true in cases of solar parks and wind farms where the power transmitted to
the main grid is done through short lines. New transmission lines connecting new generation
sources or loads are directly connected to an existing transmission line. To make the setup more
cost-effective, building a substation or installing measurement transformers at the tap/junction
point is avoided.

The fault location method for multi-ended tapped lines uses positive-sequence voltage and
current quantities from all ends. The approach on which this is based is to estimate the currents
flowing from all three sections into the junction as a function of the unknown distance to the fault.
Since the sum of currents at the junction must be equal to zero, the fault location is obtained by
equating the sum of the three estimated currents to zero and solving for the unknown.



The following set line parameters are required

* Ru11 = the positive-sequence resistance of line section 1

*  Xuni = the positive-sequence inductive reactance of line section 1
* By11 = the positive-sequence susceptance of line section 1

» [y = the length of line section 1 (in kilometers or miles)

* Rui2 = the positive-sequence resistance of line section 2

* Xu12 = the positive-sequence inductive reactance of line section 2
* B2 = the positive-sequence susceptance of line section 2

* [> =the length of line section 2 (in kilometers or miles)

* Rui3 = the positive-sequence resistance of line section 3

* Xu1s = the positive-sequence inductive reactance of line section 3
* Bz = the positive-sequence susceptance of line section 3

* [3=the length of line section 3 (in kilometers or miles)

The fault location method does not require source impedance values or fault loop information.
The three-ended line shown in Fig. 6 is used to describe the fault location method.

The ends of the three-ended line shown in Fig. 6 are labelled End A, End B, and End C. J is the
junction between the three sections.

Ea End A End B Es
Zsa | J | Zss

End C ——

Ec

Fig. 6: three-ended transmission line

The line section between End A and junction J is designated section AJ. Similarly, the line section
between End B and junction J is designated section BJ, and the line section between End C and
junction J is designated section CJ.

The respective line lengths of the sections AJ, BJ and CJ are /ay, /sy and /lcy.

Synchronized (aligned) voltage and current sampled values (all three phases of voltage and
current) from End A, End B and End C are available to all IEDs (i.e. to the IED at each end of the
line) from each IED’s disturbance recorder (from the record triggered by the fault).

As each IED has available to it time aligned sampled values of the local and both remote currents
and voltages, the during-fault positive-sequence phasors are calculated by each IED, i.e. each
IED calculates Va1, la1, Vb1, ls1, Ver and lcs.



AtEnd A

. local V|_1 and ||_1 = VA1 and |A1,

« remote Vr11 and Ir11 = Vg1 and Igy, and
¢ remote Vri2 and lri2 = Ver and et

At End B

. local V|_1 and ||_1 = VB1 and |B1,

* remote Vg1 and Ir11 = Veq and lgq, and
. remote VR12 and |R12 = VA1 and |A1

AtEnd C

¢ Jocal V.1 and I = Vet and ey,

¢« remote Vr11 and lr11 = Va1 and las, and
. remote Vri2 and lri2 = Vg1 and g1

From the two-port network for each line section

* Aay, Bay, Cas and Day are, respectively, the A, B, C and D positive-sequence parameters of

section AJ

* Asy, Bsy, Ces and Dgy are, respectively, the A, B, C and D positive-sequence parameters of

section BJ

* Acy, Bey, Ccy and Dcy are, respectively, the A, B, C and D positive-sequence parameters of

section CJ

After a fault has been detected, the fault location function is initiated. The fault can be in any of
the three sections. A separate calculation is made for each of the three line sections, AJ, BJ and
CJ, with the calculation for each section assuming the fault is in its section. The IED at each end
has the measured fault quantities from all ends,

three sections.

Consider that the fault is in section AJ da from End A as shown in Fig. 7 (da is a length of

section AJ < /a)).

Ea EndA

da Ins-da d

so all IEDs make the same calculations for all

End B Es

7 Y

End C —

Ec

Fig. 7: three-ended line

with fault in section AJ



IED at End A

* local Vi1 and Iis = Var and las, i.e. Va1 and la1 are the local-end voltage and current Vi1 and I+

* remote Vri1 and Ir11 = Va1 and Igy, i.e. Ve1 and Ig1 are the remote-end voltage and current Vri1
and |R11

* remote Vri2 and Ir12 = Vci and Icq, i.e. Vc1 and Icq are the remote-end voltage and current Vw2
and |R12

Section AJ calculation

This calculation assumes that the fault is in section AJ (which in this case it is). For a fault in
section AJ, as shown in Fig. 7, da is the unknown distance to the fault from End A.

Calculate Is1sa and Icica (IED at End A calculation), the positive-sequence currents flowing into
junction J from, respectively, sections BJ and CJ (which in this case are the two healthy sections).

From the two-port network defined between End B and the junction J

Is1Ba = -CBuVR11 + Asulr11 (16)
where

I I
Cpy= Tem) sinh(ysJ/sJ)

Agy = cosh(ysilay)
Zsy is the characteristic impedance and ys; the propagation constant of section BJ.

Similarly, from the two-port network defined between End C and the junction J

Ic1ica = -CcuVRi2 + Aculr12 (17)

where

Ccu=

Zoo, sinh(yculcy)

Acy = cosh(ycilcy)
Zncy is the characteristic impedance and yc, the propagation constant of section CJ.

For the fault in section AJ, calculate now the current Ia1a, the positive-sequence current flowing
from the junction-end of section AJ.

Note that neither of the above equations for Igiga Or Icica contain the unknown da.
To obtain an equation for laia as a f(da), from the two-port network defined between End A and

the fault location F, calculate the voltage Vriaa at the fault-point F using the voltage and current
measured at End A. This will be a function of the unknown distance to the fault da.



VE1aa = DdaVi1 - BaalL (18)
where
Daa = cosh(yasda)
Bda = Zcenas*sinh(yasda)
Dga and Bga are f(the section AJ parameters from End A to the fault).

Similarly, from the two-port network defined between junction J and the fault-point F, calculate the
voltage Vr1a at the fault-point F using the voltage Vj1a and current la1a at the junction J.

VF1a = Dias-aaVo1a - Bias-aalata (19)
where
Dias-da = cosh(yas(7as-da))
Bias-aa = Zenas*sinh(yas(/as-da))
Dias-ga and Bay-aa are f(the section AJ parameters from junction J to the fault).

Note (18) and (19) are both calculations for the positive-sequence voltage at the fault-point F,
hence Vriaa (18) = VFa (19)

Once more, in a similar way, from the two-port network defined between End B and the junction J,
calculate the voltage V,isa at the junction J using the voltage Vg1 and current Iz1 measured at
End B.
V1A = DByVR11 - Beulr11 (20)
where
Dy = cosh(yslgy)

Bgy = Zenss*sinh(ysul.)

Note (19) includes the positive-sequence voltage V14 at the junction J, and (20) calculates the
positive-sequence voltage Viga at junction J.

Substitute V 1sa from (20) for Vyiain (19)

Vr1a = Dias.aa(DesVR11 - Beulr11) - Bias-aalaia (21)
As noted above, (18) and now (21) are both calculations for the positive-sequence voltage at the
fault-point F, hence Vriaa (18) = Vrua (21). By equating (18) and (21) an equation can be derived

to calculate Ia1a that is a f(da, the set parameters and available during-fault measurements), i.e.

DdaVL1 - BaalL1 = Dias-da(DeusVR11 - Beulr11) - Bias-aalaia



from which

DaaVL1 - BaalL1 - Dias-aa(DssVRi1 - Beulr11)
-BiaJ-da (22)

laia =

Since the sum of currents at the junction must be equal to zero, the fault location is obtained by
equating the sum of the three estimated currents to zero and solving for the unknown, i.e. from
(22), (16) and (17)

la1a + Ig1a + Ic1ca=0

and simplifying further, the distance to the fault da from End A is obtained as

da = 1 t h'1ﬁ
AT an K2

where
Ki and K3 are f(the set parameters and available during-fault measurements), so therefore

da is a f(the set parameters and available during-fault measurements).

Section BJ calculation

Although in this case the fault is in section AJ, exactly the same calculations as described above
for section AJ are made for section BJ, with the calculations for section BJ assuming the fault to
be within this section.
Icica = -CcuVR12 + Acylr12 la1aa = -CasVi1 + Aadli
Vria = DagVR11 - Baslr11 Vr1a = DigJ-asVu1a - Bisu.asl1a Viica = DcyVR12 - Beulr12
From these calculations, and again by equating the sum of the three estimated currents to zero,

the distance to the fault ds from End B is obtained.

Section CJ calculation

Although in this case the fault is in section AJ, exactly the same calculations as described above
for section AJ are made for section CJ, with the calculations for section CJ assuming the fault to
be within this section.

la1aa = -CasVi1 + Aadlen Is1Ba = -CByVR11 + ABJIR11
VFica = DdacVRri2 - Baclri12 VFr14a = Dicy-acVi1a - Bicsaclcia Viiaa = DagViL1 - Badlus

From these calculations, and again by equating the sum of the three estimated currents to zero,
the distance to the fault dc from End C is obtained.



Selection of actual fault location

Selection of the final accurate fault location from the three possible estimates is the final step.
When the actual fault is in a particular section, say section AJ, the fault location estimates from
the section BJ and section CJ calculations would yield non-feasible values, i.e. they would be
negative or greater than the length of the particular section. For example, if the actual fault is in
section AJ, the fault location estimate da from the section AJ calculation would be such that
0<da</aJ. The fault location estimate dg from the section BJ calculation would be such that either
ds<0 or dg>/gy, and the estimate dc from the section CJ calculation would be such that either dc<0
or dc>lcy. Hence, these conditions can be used to identify the correct fault location from the three
probable estimates.

IED atEnd B

The IED at End B makes exactly the same calculations with

* local VL1 and I.1 = Ve and Igy, i.e. Va1 and I are the local-end voltage and current Vi1 and |4

* remote Vr11 and Ir11 = V1 and ley, i.e. Ver and Icq are the remote-end voltage and current ki
and |R11

* remote Vriz2 and lr12 = Va1 and las, i.e. Va1 and laq are the remote-end voltage and current Vw12
and |R12

IED atEnd C

The IED at End C makes exactly the same calculations with

* local Vi1 and Its = Ver and ley, i.e. Ve and Icq are the local-end voltage and current Vs and |4

* remote Vr11 and Ir11 = Va1 and las, i.e. Va1 and laq are the remote-end voltage and current Vriq
and |R11

* remote Vri2 and lr12 = Vi1 and Igy, i.e. Vg1 and Ig1 are the remote-end voltage and current Vw12
and |R12

V. MIXED LINE FAULT LOCATION

A mixed line is a line with both overhead line (OHL) and underground cable (UGC) sections.

Two-ended line

Zsa  —— Zss
|V A
OHL uGC
Two-ended two-section mixed line
Ea End A End B Es
Zsa —— Zss
|V A
OHL uGC OHL

Two-ended three-section mixed line

Fig. 8: two-ended mixed lines



The positive-sequence line parameters for each section are entered as settings. The fault location
method does not require source impedance values or fault loop information.

The two-ended line shown in Fig. 9 is used to describe the fault location method.

The ends of the two-ended line shown in Fig. 9 are labelled End A and End B. J is the junction
between the two sections.

Ea EndA J End B Es
Zsa Ias oy Zss

Section AJ (OHL) Section BJ (UGC)

Fig. 9: two-ended mixed transmission line

The line section between End A and junction J is designated section AJ. Similarly, the line section
between End B and junction J is designated section BJ.

The respective line lengths of the sections AJ and BJ are /a; and /g,.

Synchronized (aligned) voltage and current sampled values (all three phases of voltage and
current) from both End A and End B are available to both IEDs (i.e. to the IED at each end of the
line) from each IED’s disturbance recorder (from the record triggered by the fault).

As each |IED has available to it time aligned sampled values of both the local and remote currents
and voltages, the during-fault positive-sequence phasors are calculated by each IED, i.e. each
IED calculates Va1, Ia1, Ve1 and Igs.

AtEnd A
* Jocal Vi1 and I.1 = Va1 and a1, and
« remote Vg1 and Ir1 = Va1 and lp1

At End B
* Jocal Vi1 and I.1 = Vg1 and Ig1, and
¢ remote Vr1 and Ir1 = Var and las

From the two-port network for each line section

* Aay, Bay, Cas and Day are, respectively, the A, B, C and D positive-sequence parameters of
section AJ

* Asy, Bgy, Ces and Dgy are, respectively, the A, B, C and D positive-sequence parameters of
section BJ

After a fault has been detected, the fault location function is initiated. The fault can be in any of
the two sections. The faulted section is identified as step one, after which the location of the fault
within that section is determined as step two. The IED at each end has the measured fault
quantities from both ends, so both IEDs make the same calculations.



i) _step one — identify the faulted section

Fig. 10 shows a two-ended mixed line with OHL section AJ (length /a;) and UGC section BJ
(length /g,). Step one determines whether the fault is in the OHL section (Fas) or UGC section
(Fsy).

Ea End A Va Vs End B Es

@—% |
|

Fig. 10: two-ended mixed line with fault

7

Fay

IED at End A
* local VL1 and I1 = Var and las, i.e. Va1 and las are the local-end voltage and current Vi1 and |4
remote Vr1 and Ir1 = Vg1 and lg4, i.e. Vg1 and Ig1 are the remote-end voltage and current Vg4
and |R1

A summary of the calculations is

calculate the junction voltage from both ends

calculate the junction current from both ends

calculate the ratio (= K) of the difference between the junction voltages to the sum of the
junction currents

determine the angle of K — if < 0, the fault is in the first section (i.e. Fay within section AJ, the
OLH) —if not < 0, the fault is in the second section (i.e. Fgy within section BJ, the UGC).

The IED at End A assumes the fault to be in the section immediately connected to End A, i.e. fault
FAJ.

OHL UGC
| da L Ins-da 0 Iy 1
I } T 1
Fay . X
End A Teni junction J End B
laq IFaJ1AA f IFas1an-IFAJ1 ls1FAIA Ig4
- - —»> C1+——-
Zcnassinh(yasda) I Zenassinh(yas(las-da)) | Zensssinh(ysulss)
VA1 1 VFAJ1AA VJ1FAJA 1 VB1

chAJ

|:| = tanh(0.5yasda) I:I [

|

K

chAJ

tanh(0.5yas(/as-da)) [

]

T

|

E

tanh(0.5y84/84) [
chBJ

f

Fig. 11: positive-sequence transmission line distributed & model for Fa, fault

The fault-point voltage and current can be calculated as follows from the measured End A
positive-sequence voltage and current Vi1 and I+.

Veas1aa = cosh(yasda)Vit - Zenas*sinh(yasda)lia

N B
IFAJ1AA = - e sinh(yasda)VL1 + cosh(yasda)lLs

(23)

(24)



The voltage and current at the junction J can be calculated as follows from the calculated values
for the fault-point positive-sequence voltage and current.

Vy1rasa = cosh(yas(/as-da))VEras1aa - Zenas*sinh(yas(Zas-da))(Iras1aa-lrast) (25)

ly1FAJA = - ﬁ *sinh(yas(7/as-da))Veasiaa + cosh(yai(las-da))(IFas1aa-lrast) (26)

Substitute (23) and (24) into both (25) and (26) to get

Vy1rasa = cosh(yaslas)VL1 - Zenas*sinh(yaslag)lLt + Zenas*sinh(yas(/a-da))lFa (27)

1 .
ls1FAJA = - T *sinh(yaslas)VL1 + cosh(yaslas)lLt - cosh(yas(Zas-da))lFase (28)

The voltage and current at the junction J can also be calculated as follows from the measured
End B positive-sequence voltage and current Vg1 and Ir1.

VJ1Ba = cosh(ysuly)VR1 - Zensa*sinh(ysulsy)Ir1 (29)

N B 1
ly1Ba = - Zormy sinh(ysJles)VRr1 + cosh(ysilsJ)Ir1 (30)

Consider voltage first. J is a point on the line. Therefore, the voltage at that point calculated from
End Ais equal to the voltage at that point calculated from End B, i.e. Vyiraia (27) = Vy1a (29), from
which

cosh(yaslas)VL1 - Zenas*sinh(yaslag)lLt + Zenas*sinh(yas(Zas-da))lrast = cosh(ysules)VR1 - Zehss*sinh(ysulsy)Ir1

or, re-arranging

cosh(yaslas)VL1 - Zenas*sinh(yaslas)lL - (cosh(yeuley)VR1 - Zehes*sinh(ysulsy)Ir1) = - Zenhas*sinh(yas(Zas-da))lFasi
(31)

The voltage at the junction J can also be calculated as follows from the measured End A positive-
sequence voltage and current Vi1 and Ip1.

Vy1aa = cosh(yaslas)Vi1 - Zenas*sinh(yaslas)lLs (32)
From (32) and (29), (31) can be re-written as

Vi1aa - Vuiea = - Zenas*sinh(yas(7as-da))lFas (33)
where both V; 1aa and V,iga are f(the set parameters and available during-fault measurements).
Consider now the current. J is a point on the line. Therefore, the current at that point calculated

from End A is equal to minus the current at that point calculated from End B, i.e.
NETNTY (28) = - ly1Ba (30), from which

- L"*sinh(yAJlAJ)Vu + cosh(yaslas)lL1 - cosh(yas(Zas-da))lFast = - (- 1 *sinh(ysy/sJ)VRr1 + cosh(ysulsy)Ir1)
ZchAy ZchBy



or, re-arranging

1 . 1 .
- 5— *sinh(yaslas)VL1 + cosh(yaslas)lLr + (- 5— *sinh(ysulss)VR1 + cosh(yeiley)lr1) = cosh(yas(/as-da))lFaJs
Zennd Zcngy
(34)

The current at the junction J can also be calculated as follows from the measured End A positive-
sequence voltage and current Vi1 and Ip1.

1 .
ly1an = - Tk *sinh(yas/as)ViL1 + cosh(yasias)lLt (35)

From (35) and (30), (34) can be re-written as

ls1aa + ly1Ba = cosh(yas(Zas-da))lFast (36)

where both 1;1aa and ly1sa are f(the set parameters and available during-fault measurements).
Divide (33) by (36) to get

Vi1aa - ViiBa

K=( ly1Aa + ly1BA ) = - Zanastanh(pas(ias-da))

= Zehas* tanh(yas(da-/al))

If the fault occurred in the first line section, i.e. Fas on section AJ, da < /aj, SO that (da - las) <O.
Therefore, an angle of K < 0 indicates that the fault is in the first section.

As already stated above, the IED at End A assumes the fault to be in the section immediately
connected to End A, i.e. fault Fa, in section AJ, and the calculations made by the IED at End A
are based on this assumption. However, the fault could be in the next section, i.e. fault Fg, in
section BJ. The IED at End A will still make the same calculations, which now do not represent
the actual system condition as the fault is not in the first section. This non-representative
calculation for a fault Fgy in the next section BJ will always give the result da > /a4, i.e. the angle of
K will be > 0 indicating that the fault is not in the first section AJ.

An angle of K < 0 indicates that the fault is in the first section, whereas if the angle of Kis not < 0
this indicates that the fault is not in the first section, i.e. the polarity of the angle of K identifies if
the fault is in section AJ or BJ.

Simulation example to illustrate
* Total line length  120km

OHL section 100km
e UGC section 20km



[deg]
100 r ' ' v v ' -

o1 UGC]

Angle of K value
o

=0T OHL /J

-100 * . + . . 4
0 20 40 60 80 100 120[km]
End A End B

Fault location (d) in km from End A

Fig. 12: Angle of K as calculated by the IED at End A for faults at different locations d along the
line

IED at End B

The IED at End B assumes the fault to be in the section immediately connected to End B, i.e. fault
FBJ.

The IED at End B makes exactly the same calculations with

* local VL1 and I.1 = Ve and Igy, i.e. Va1 and I are the local-end voltage and current Vi1 and |4

* remote Vg1 and Ir1 = Va1 and las, i.e. Va1 and la1 are the remote-end voltage and current Vg1
and |R1

When the IED at End A calculates the angle of K < 0, the IED at End B will calculate the angle of

K > 0, and vice versa.

ii) _step two — calculate the fault location

IED at End A

If the fault is in section AJ, section AJ becomes equivalent to a two-ended line with known
voltages and currents from both ends (Vi1 and IL1 (= Va1 and la1), and Vyiea and lyisa. Likewise, if
the fault is in section BJ, section BJ becomes equivalent to a two-ended line with known voltages
and currents from both ends (Vrs and Ir1 (= Ve1 and lg1), and Vjiaa and ljiaa. To determine the
fault location within the faulty section the two-ended fault location method described in Section IlI
is now used.

IED at End B

As for the IED at End A, but from the perspective of the IED at End B.

Three-ended line

The positive-sequence line parameters for each section are entered as settings. The fault location
method does not require source impedance values or fault loop information.



The three-ended line shown in Fig. 13 is used to describe the fault location method.

The ends of the three-ended line shown in Fig. 13 are labelled End A, End B and End C. J is the
junction between the three sections.

En End A End B Es
(\j Zsa Iny J Isy Zss
N
Section AJ (OHL) Section BJ (OHL)
lcy Section CJ (UGC)
End C

Fig. 13: three-ended mixed transmission line

The line section between End A and junction J is designated section AJ. Similarly, the line section
between End B and junction J is designated section BJ, and between End C and junction J is
designated section CJ.

The respective line lengths of the sections AJ, BJ and CJ are /ay, Iry and Ic,.

Synchronized (aligned) voltage and current sampled values (all three phases of voltages and
currents) from End A, End B and End C are available to all IEDs (i.e. to the IED at each end of
the line) from each IED’s disturbance recorder (from the record triggered by the fault).

As each IED has available to it time aligned sampled values of the local and both remote currents
and voltages, the during-fault positive-sequence phasors are calculated by each IED, i.e. each
IED calculates Va1, la1, Va1, Is1, Vcr and lca.

AtEnd A

. local V|_1 and ||_1 = VA1 and |A1,
 remote Vry1 and lr1 = V1 and lIg4, and
* remote Vri2 and lr12 = Vcr and lcq

At End B

. local V|_1 and ||_1 = V|31 and |B1,

¢« remote Vg1 and Ir11 = Vg1 and lgq, and
¢ remote Vri2 and lri2 = Var and laq

AtEnd C

. local V.1 and I.1 = V¢t and |c1,

* remote Vr11 and Ir11 = Va1 and laq, and
. remote VR12 and |R12 = VB1 and ||31



From the two-port network for each line section

* Aay, Bay, Cas and Day are, respectively, the A, B, C and D positive-sequence parameters of
section AJ

* Ay, Bgy, Cry and Dgy are, respectively, the A, B, C and D positive-sequence parameters of
section BJ

* Acy, Bey, Ccy and Dcy are, respectively, the A, B, C and D positive-sequence parameters of
section CJ

After a fault has been detected, the fault location function is initiated. The fault can be in any of
the three sections. The faulted section is identified as step one, after which the location of the
fault within that section is determined as step two. The IED at each end has the measured fault
quantities from all ends, so all IEDs make the same calculations.

i) _step one — identify the faulted section

IED at End A

* local Vi1 and Iis = Var and las, i.e. Va1 and la1 are the local-end voltage and current Vi1 and I+
* remote Vri1 and Ir11 = Va1 and Igy, i.e. Ve1 and Ig1 are the remote-end voltage and current Vri1

and |R11

* remote Vri2 and lr12 = Vci and Icq, i.e. Vc1 and Icq are the remote-end voltage and current Vw12
and |R12

Calculate

+ the estimated voltage at End B Vgiaacaic USing voltage and current measured at End A and
current measured at End B

Vi1aa = DagVi1 - Badli from which VB1aAcalc = DeuVu1aa - Beulr11

» the estimated voltage at End C Vcigacaic USing voltage and current measured at End B and
current measured at End C

V1A = DByVR11 - Baulr11 from which VciBacaic = DcyVuiea - Beulri2

+ the estimated voltage at End A Vaicacac Using voltage and current measured at End C and
current measured at End A

Vi1ca = DcyVR12 - Beulri2 from which Va1cacalc = DasVuyica - BadlL

Having calculated the estimated voltage for each end, subtract the calculated estimated voltage
magnitude from the measured voltage magnitude for the same end.

|AVB1aa| = |VB1aAcalc - VR11|
|AVc1a| = [VciBAcalc - VR12|

|AVa1ca| = |Vatcacalc - V|



The line section with the fault is identified by which of |AVgiaa|, [AVcigal, [AVaical has minimum
magnitude.

If

* |AVB1aa| has minimum magnitude, the fault is in section CJ

* |AVcieal has minimum magnitude, the fault is in section AJ

*  |AVaical has minimum magnitude, the fault is in section BJ

IED at End B

The IED at End B makes exactly the same calculations with

* local Vi1 and Iis = Vg1 and Igy, i.e. Vg1 and Ig1 are the local-end voltage and current Vi1 and I+

* remote Vri1 and Ir11 = Vc1 and Icq, i.e. Vc1 and Icq are the remote-end voltage and current Vr1s

. ?enrﬂ(lgvm and lr12 = Var and la1, i.e. Va1 and laq are the remote-end voltage and current Vw12
and Ir12

IED at End C

The IED at End C makes exactly the same calculations with

* local Vi1 and IL1 = Vcq and ley, i.e. Veq and et are the local-end voltage and current Vi1 and |4

. ;e;r(rj]cl):{iVRn and Ir11 = Va1 and la1, i.e. Vas and laq are the remote-end voltage and current Vri1

* remote Vri2 and lr12 = Va1 and Igy, i.e. Vg1 and Ig1 are the remote-end voltage and current Vr12
and |R12

ii) _step two — calculate the fault location

En End Ad p J End B Ep
Iag-
Zsn - e PANEET |
7

Ih1ca |

End C

Ec

Fig. 14: three-ended mixed line with fault in section AJ

Calculate the current flowing towards the junction in the healthy line sections (e.g. if the fault is in
section AJ as shown in Fig. 14)



ly1Ba = -CgyVR11 + Asulr11

lyica = -CcyVRr12 + Aculr12
Calculate also the junction voltage from one of the healthy line ends (e.g. End B)

Vi1a = DeyVR11 - Baulr11
Line section AJ is now equivalent to a two-ended line with known voltages and currents from both
ends (Vi1 and It (= Var and la1), and Vyiea and lyia (= liiea + luica). To determine the fault location
within the faulty section the two-ended fault location method described in Section Il is now used.

Similar calculations apply for faults in section BJ or section CJ.

IEDs at Ends B and C

As for the IED at End A, but from the perspective, respectively, of the IEDs at End B and End C.

VL. SIMULATION RESULTS AND ANALYSIS

Two-ended line

To evaluate and validate the fault location method, EMTDC/PSCAD was used to simulate the
faults on a 220kV, 50Hz, 240km two-ended transmission line. The simulations were done in
EMTDC software with frequency dependent transmission line models. The fault data was
recorded in COMTRADE99 format and Discrete Fourier Transform (DFT) was applied to obtain
the current and voltage phasors. The main inputs to the algorithm are synchronized pre- and
during-fault voltage and current phasors, and line length — calculated (estimated) line parameters
are used, so set line parameters are not required.

The following figures and tables illustrate the effect variation in power system and fault parameters
have on the accuracy of the calculated fault location.

Actual fault location - Calculated Fault Location

%Error = = *100
° Total line length (37)
1 . .
—le— a-g fault = -~ -
- Fault Ry Max.FL Avg.FL
S 08 o be-g fault | Type Q) Error (%) Error (%)
S 0.01 0.19 0.09
5 06} 1 5 0.18 0.10
.| a-g 10 0.23 0.10
= 04 ] 50 031 0.11
' 100 0.37 0.12
0.01 0.14 0.07
0.2} | 5 0.13 0.09
L a - : —— J be-g 10 0.17 0.10
0 50 100 150 200 250 50 0.27 0.10
Fault location (km) 100 031 0.11
Fig. 15: fault location errors for different fault Table I: fault location errors for different fault
locations resistances
fault inception angle: 60° fault locations every 10km in range

fault resistance: 10Q 10-240km



—e— SIR-| (strong source)
°§ 0.8 @ SIR=3 (weak source)
2 0.6
m
= 04 ]
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- c N
0 50 100 150 200 250
Fault location (km)
Fig. 16: fault location errors for different
SIR values
fault type: a-g
fault inception angle: 60°
fault resistance: 20Q
2000
”
(]
w
S 1500
§ 1000| Test Cases : Test conditions
o) Fault Location (km) 1, 60, 120, 100 180 and 235
= Fault Type a-g, ab, be-g and abe-g
o
"g e Fault Inception Angle 0° and 90°
= Fault resistance (£2) 0.01, 10, 20 and 50
4 °—3 02 04 06 o038 1 SIR (EndA:EndB) 0.1:1, 1:2,2:3 and 52
FL error (%) Load No load (0%), 100 % and 125%
Fig. 17: fault location performance for various Table Il: test conditions for simulation study

test conditions

i) _illustrative case 1 — line connected with conventional sources

AG fault at 60km from End A (see Fig. 3) (line length = 240km) with fault resistance = 25Q, fault
inception angle = 0°, and source to line impedance ratio (SIR) = 1.0.

200 200
! >

> o < 199 TABLE III
B’ 0 %0 0 CALCULATED LINE PARAMETERS USING LUMPED MODEL
5’_100 ;3 100 Method R (CQYKM) L (mH/KM) C! (NF/KM)
B ougl eyt AR, 20 Actual 0.1879 1.03870 16.18147

1796 1.98 2 2.02 2.04 2.06 96 1.98 2 2.022.04 2.06 T— 0.1838 102739 1627543

o Tme(5) 7 2 Time (s) Error (%) 218 1.10 058
3 2 < TABLE IV
\é‘ 0 .T_:: 0 ESTIMATED LINE PARAMETERS USING DISTRIBUTED LINE MODEL
7] 2 Method R (QVKM) LY (mH/KM) C! (NF/KM)
g 2 Sl Actual 0.1879 1.03870 16.18147

96 1.08 2 2.02 2.04 2.06 Po6 198 3 2.022.04 2.06 Proposed 0.1880 1.03878 16.18532

Time (s) Time (s) Error (%) 0.02 0.01 0.02
(a) (b)

Fig. 18: pre- and during-fault voltage and current signals measured at (a) End A and (b) End B
for an AG fault at 60km from End A
Table 11l and Table IV



The calculated (lumped model — step one, line parameter estimation, section Ill) and estimated
(distributed model — step two, line parameter estimation, section lll) line parameters, with
corresponding errors compared to the actual line parameters for this case, are provided in
Tables Il and IV respectively. From Tables Il and IV, the calculated and estimated parameters
are close to the actual parameters. The estimated parameters are more accurate than the
calculated ones and these parameters are used for the fault location calculation.

The calculated fault location using the estimated line parameters and during-fault phasors is

59.85km. The absolute percentage of fault location error calculated using (37) is 0.06% for this
240km transmission line.

ii) _illustrative case 2 — line connected with renewable (IBR) source at one end of the line

Two-ended line with wind type IV renewable power plant connected at End A, and with End B
connected to the power grid as shown in Fig. 19. For this simulation, type IV wind turbine
generator (full converter model) was modeled as 200 units of 2MW each in compliance with
various grid codes. The FRT characteristics were modelled for the study.

YNd Dyn End A End B
0.69/33kV ~ 33/220kV | |

i’i‘_@@ | a®

Fig. 19: two-ended line with renewable power plant connected at End A (wind type V)

AG fault at 48km from End A (line length = 240km) with fault resistance = 50Q, and fault inception
angle = 0°.

— 2 200 TABLE V
g 100 100 CALCULATED LINE PARAMETERS USING IT MODEL
% o < o Method R (Q/KM) LY (mH/KM) C! (NF/KM)
£ -100 5-100 Actual 0.1879 1.03870 16.18147
” 29055308 4 4.02 404 >°_2%p96 356 4 409404 Proposed 0.1812 1.02750 16.26191
Time (s) e (6 Error (%) 3.59 1.08 0.49
C (S
=2 z TABLE VI
2 Z 2 ESTIMATED LINE PARAMETERS USING DISTRIBUTED LINE MODEL
5o g " ' Method RY (SUKM) L} (mH/KM) C! (NF/KM)
5 -1 5 Actual 0.1879 1.03870 16.18147
\
396398 4 4024.04 $96 3.08 4 4.02 4.04 Proposed 0.1852 1.03891 16.17192
Time (s) Time (s) Error (%) 143 0.02 0.06
(a) (b)

Fig. 20: pre- and during-fault voltage and current signals measured at (a) End A and (b) End B
for an AG fault at 48km from End A
Table V and Table VI

The calculated (lumped model) and estimated (distributed model) line parameters, with
corresponding errors compared to the actual line parameters for this case, are provided in
Tables V and VI respectively. From Tables V and VI, the calculated and estimated parameters are
close to the actual parameters. The estimated parameters are used for the fault location
calculation.



The calculated fault location using the estimated line parameters and during-fault phasors is
48.24km. The absolute percentage of fault location error calculated using (37) is 0.1% for this
240km transmission line. This verifies that the presented method is not affected by renewable
integration.

iii) _illustrative case 3 — line connected with renewable (IBR) sources at both ends of the line

Two-ended transmission line with wind type IV power plant connected at End A, with End A also
connected to the power grid, and solar PV power plant connected to End B, as shown in Fig. 21.

YNA AYN  EndA EndB vNA AYN
0.69/33kV ~ 33/220kV | | 220/33kV  33/0.48kV 0-

g
T—@® (D22

Fig. 21: two-ended line with renewable power plant connected at End A (wind type IV) and
End B (solar PV)

AB fault at 180km from End A (line length = 240km) with fault resistance = 10Q, and fault inception
angle = 60°.

200

2 o & oo TABLEVD
é = CALCULATED LINE PARAMETERS USING IT MODEL
& © & 0 Method R (Q/KM) L (mH/KM) CT (NF/KM)
= -100 z 1o Actual 0.1879 1.03870 16.18147
> 2000 s o5 4 402 408 s '2°3°96 il Proposed 0.1834 1.02722 16.25737
) e oe s Error (%) 241 1.10 0.47
s Time (s) _ , Time (s)
< < TABLE VIII
E P 1 ESTIMATED LINE PARAMETERS USING DISTRIBUTED LINE MODEL
Z O%&%@%X}O( s °W Method R (Q/KM) L' (mH/KM) C! (NF/KM)
3 8 A Actual 0.1879 1.03870 16.18147
?96 398 4 4.02 4.04 3295 398 4 402404 Proposcd 0.1875 1.03862 16.16746
Time (s) Time (s) Error (%) 0.21 0.01 0.08

(a) (b)

Fig. 22: pre- and during-fault voltage and current signals measured at (a) End A and (b) End B
for an AB fault at 180km from End A
Table VIl and Table VIl

The calculated (lumped model) and estimated (distributed model) line parameters, with
corresponding errors compared to the actual line parameters for this case, are provided in
Tables VIl and VIII respectively. From Tables VIl and VIII, the calculated and estimated
parameters are close to the actual parameters. The estimated parameters are used for the fault
location calculation.

The calculated fault location using the estimated line parameters and during-fault phasors is
179.48km. The absolute percentage of fault location error calculated using (37) is 0.2% for this
240km transmission line. This verifies that the presented method is not affected by renewable
integration at both line ends and is suitable for future renewable energy configurations.



Three-ended line

To evaluate and validate the fault location method, EMTP/PSCAD was used to simulate the faults
on a 220kV three-ended tapped transmission line. The main line AB has a length of 120km, with
section AJ having a length of 80km and section BJ a length of 40km. Various fault scenarios,
including different fault resistances, fault types, fault inception angles and source to line
impedance ratios were simulated at different fault locations. For each case, the resultant voltages
and currents from the simulation were transferred to MATLAB where the fault location method

had been implemented.

The absolute error was calculated as a percentage of the length of line (37).

The fault location method was tested

« for several different values of fault resistance, including 0.01, 10 and 50 ohms — the results

are shown in Fig. 23

« for all different fault types — the results are shown in Fig. 24
* to determine any influence of source to line impedance ratios — the results are shown in Fig. 25
+ to determine any influence of fault inception angle — the results are shown in Fig. 26
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VII.  FIELD INSTALLATIONS

Two-ended line

The two-ended fault location method was implemented in an IED and evaluated in the laboratory.
After success in the laboratory evaluation, IEDs with the fault location method implemented were
installed on a 400kV, 233km line in the Indian POWERGRID network, and on a 220kV, 265.6km
line in the Swedish utility Svenska Kraftnat network.

In each case, an |IED with the two-ended fault location method was installed at each end of the
line. The IEDs were connected via a 2Mbps communication link. At each end, the local currents
and voltages were connected to the IED, which digitized these inputs to obtain sampled values of
the local currents and voltages. Each local IED sent these values to the remote IED. Each remote
IED received the currents and voltages from the local IED as sampled values. The IEDs were
time coordinated (time synchronized) so that, on receipt of the current and voltage sampled values
from the IED at the other end of the line, they could be time coordinated with the local current and
voltage samples, and interpolated in order to be comparable with the local samples. Each IED

then had available to it time coordinated values, as sampled values, of both the local and remote
currents and voltages.

a) pilot 1 — Indian pilot installation

A 400KV, 233km transmission line in Power Grid Corporation of India (POWERGRID) was chosen
as a pilot installation.

CG fault (fault 1):
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Fig. 27: pre- and during-fault voltage and current signals measured at (a) Station A and (b)
Station B for a CG fault at 33km from Station A
Table IX and Table X

The line positive-sequence parameters (resistance (R), reactance (X), and susceptance(B)) and
fault location calculated by the IED at Stations A and B are provided in Tables IX and X
respectively.



The estimated fault distances using the two-ended fault location method are 32.87km from
Station A and 200.78km from Station B. When the line crew patrolled the line they found the fault
at 33km from Station A. The difference of actual to estimated fault location is 130 meters (within
a one tower span for Station A fault location for this case).

CG fault (fault 2)
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Fig. 28: pre- and during-fault voltage and current signals measured at (a) Station A and (b)
Station B for a CG fault at 33km from Station A
Table XI and Table XII

The line positive-sequence parameters (resistance (R), reactance (X), and susceptance(B)) and
fault location calculated by the IED at Stations A and B are provided in Tables Xl and XIl
respectively.

The estimated fault distances using the two-ended fault location method are 33.23km from
Station A and 200.80km from Station B. When the line crew patrolled the line they found the fault
at 33km from Station A. The difference of actual to estimated fault location is 230 meters (within
a one tower span for Station A fault location for this case).

b) pilot 2 — Swedish pilot installation

A 220kV, 265.6km transmission line in the Swedish utility Svenska Kraftnat was also chosen as a
pilot installation.



AB fault:
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Fig. 29: pre- and during-fault voltage and current signals measured at (a) Station A and (b)
Station B for an AB fault at 226.6km from Station A
Table Xlll and Table XIV

The line positive-sequence parameters (resistance (R), reactance (X), and susceptance(B)) and
fault location calculated by the IED at Stations A and B are provided in Tables Xl and XIV
respectively.

The estimated fault distances using the two-ended fault location method are 226.82km from
Station A and 38.69km from Station B. When the line crew patrolled the line they found the fault
at 226.6km from Station A (39km from Station B). The difference of actual to estimated fault

location is 220 and 310 meters (within a one tower span for both Station A and Station B fault
location for this case).

VIll.  CONCLUSIONS

Two-ended, three-ended, and mixed transmission line fault location methods were presented. The
sources connected to the transmission line can be either conventional synchronous generation
or renewable power plants, i.e. the accuracy of the calculated fault location is not affected by
renewable integration. The parameters of the line are required to be entered as settings. However,
the two-ended fault location method permits estimated line parameters to be calculated, requiring

just the line length to be entered as a setting. The source impedances at the line ends are not
required to be known.

The voltage and current signals from all line ends are required as time aligned sampled values.
The performance of the fault location methods was evaluated using EMTDC simulations.

The described fault location methods have been implemented in an existing line protection IED
using 1kHz sampling rate. The fault location methods do not require any additional hardware

beyond what is required for a modern line differential protection, i.e. a 2Mbps communication link.

IEDs with the two-ended fault location method were installed in the Indian and Swedish power
systems. The early field results confirm the validity of the method. The field experimental results



are matching with simulation results. In the pilot installations the fault locations were calculated to
be within one tower span of the actual fault location. These geographically diverse pilot installation
results stand as testimony to the accuracy of the developed fault location method.

In more general testing, where different fault conditions were considered, the fault location error
in the majority of cases was ~0.1%. Based on these results and confirmation from the pilot
installations, it is expected that the fault location accuracy will be within two tower spans even in
more problematic situations with higher fault resistances and different fault types.

The achieved accuracy levels are comparable to the TW-based fault locator technology that uses
1000 times higher sampling frequency, more costly hardware and commissioning process.



