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Welcome to the NPTEL course on Power System Protection. We are continuing with Traveling 

Wave-based Protection Schemes. In this lecture, we will discuss on fault location using 

traveling wave. 
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How traveling wave can be used for locating faults for maintenance purpose. This is an offline 

task and on this perspective, we will see the traditional impedance-based approach using phasor 

concepts and then the traveling wave based fault location schemes. 
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Utilities required quick assessment on the fault position of a transmission line, it has reliability 

issue, the sooner the line is restored, better we can manage the system. A line may be dealing 

with thousands of MW, so deficiency in one area may create problem. It has associated revenue 

loss and also service to the loads and customers.  

Many relays at high voltage level do possess such functions for locating fault, which is very 

useful to the utilities. The expected accuracy today is on 2 tower span, typically around 300 

meters or so to make a quick identification of the faulted point. And thereby, the maintenance 

can be done as early as possible. As per available fault location function, it is available with 

digital numerical phasor based relays, also, there are digital fault recorders dedicated for 

recording the events known as event recorder. Today they have the capability of traveling wave 

based approach. Many utilities have already installed traveling wave based methods for 

accurate fault location. This traveling based approach devices provide accuracy of the order of 

2 tower spans that is the significant advantage in this approach. 
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Now, let us come to the methods, which are pretty old and available to this impedance based 

approach, which uses the phasors as the conventional relay uses the concept like distance relay. 

Some of the methods available are being used in the distance relay and so.  

First method, Reactance method, pretty simple. So, the relay uses the local voltage current, 

calculates the impedance as we learn in the distance relay. It computes the apparent impedance, 

let us say, for the phase a to ground fault, the positive sequence impedance is computed using 

the corresponding phase a voltage and the phase a current, zero sequence current and the zero 

sequence compensation factor represented by 

𝑍𝑎𝑝𝑝 =
𝑉𝑎𝑀

𝐼𝑎𝑀 + 𝐾0𝐼𝑎0𝑀
 

So, taking the imaginary part of this Zapp = R +jX. So, that gives us the reactance part. And 

then, if you divide this obtained reactance by the imaginary part of the positive impedance or 

the positive sequence reactance per km, the line has, then we get the distance of the fault from 

the relay location, from the measurement point. So 

d=
imag(Zapp)

imag(z1L)
 

So, this d is indicative of this fault location but as you have seen that the distance relay 

performance is affected by pre-fault loading condition, source impedance, fault resistance, so 

this approach is affected in that way. However, it has certain limitation in terms of that. For 



other faults, like we compute the Zapp, Zapp represents for the positive sequence impedance of 

the fault. So, we can use this similar relation after obtaining the Zapp, and then we can obtain 

the distance of the fault. 
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Let us have an example, how this method can be applied in a system. So, this is a bc-type fault 

at 60 km from MN being simulated, 400 kV line 200 km length with a condition of fault 

resistance of 0.01 Ω and 600 inception point. Positive sequence impedance per km is z1= 

0.032+j0.2618 Ω/km calculate the fault location.  

Solution:  

For bc-type fault, the apparent impedance seen by relay at M can be calculated as below: 

Zapp =
𝑉𝑀

𝐼𝑀
=

𝑉𝑏 − 𝑉𝑐

𝐼𝑏 − 𝐼𝑐
=

113176.810

7.1793.730 = 1.99 + j15.74 Ω 

Now the fault location d obtained by by dividing Im(Zapp) by the per km impedance   

d =
imag(Zapp)

imag(z1) 
=

15.74

0.2618
 = 60.12 km 

So, fault was created at 60 km and the d obtained from this is 60.12 km. So the percentage error 

in estimated fault location is 

|
Actual fault location −Estimated fault location

Total length of the line
| x100= |

60−60.12

200
|x100 = 0.06% 



 

So, this shows that the accuracy of this method for this situation with an small RF condition of 

this and the corresponding current and voltages, phases are available as shown. 
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Another example on this for the phase-a to ground fault at 150 km away from bus M, the phasor 

data for current and voltage are provided here. Now, for a-g fault, the apparent impedance seen 

by relay at M can be calculated as below 

Zapp =
𝑉𝑎

𝐼𝑎 + 𝐾0𝐼0
=

-301.2-j15.26

3.6058 − 𝑗0.5488
= 5.16 + 𝑗40.14Ω 

And the fault location, d is obtained by dividing Zapp by the per km impedance given as 

d =
imag(Zapp)

imag(z1)
=

40.14

0.2618
= 153.3 km 

Percentage error in estimated fault location becomes 

|
Actual fault location −Estimated fault location

Total length of the line
| x100 = |

150−153.3

200
| X100 = 1.7% 

So, instead of 150 km, where the fault is created, there is more than 3 km error. So, more than 

10 towers behind actually the fault happens. So, this is the level of accuracy we are talking 

about. 
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Now, the drawback of this reactance method if we, one perspective one study here. If the fault 

resistance varies from small value to the high value and for the phase-a to ground fault, then 

you find that the estimated fault location at one position also varies with varying fault 

resistance. For a fault at 60 km. with fault resistance of 100, the estimated location is 132.26 

km, it is having a 36.48 % error. So, this clearly shows that the method is significantly affected 

by fault resistance, this is one. Also, source impedance and other factors are there, which you 

have already studied in distance relaying applications to transmission and protection. 
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Now, the better approach in this case using the phasor concept using one end data this is Takagi 

method. So, this is the same N bus systems, and then we are considering as the M bus. Then 



the pre fault positive sequence diagram will be like this. We have learned this in case of distance 

relay perspective. And the fault network, when it happens to be there, we have seen that the 

positive sequence network and then the ZF can be negative sequence and zero sequence 

combinations. So, that we have seen in the directional relaying perspective also. Equivalent 

diagram for this system, for any type of fault becomes this. 
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Now, what we will see here that how this corresponding Takagi method is formulated. So, we 

have pre-fault diagram here, fault network here. And then we have the corresponding 

superimposed component here. So, this superimposed component as you have seen in the fault 

classification method, so this is about 𝑉𝐹
𝑝𝑟𝑒

 voltage at fault point before the fault. And then this 

drives the corresponding required current in the system. So, we can calculate the ∆VM and the 

corresponding ∆IM at the relay bus using these relations 

∆𝑉𝑀 = 𝑉𝑀
𝑓

− 𝑉𝑀
𝑝𝑟𝑒

, ∆𝐼𝑀 = 𝐼𝑀
𝑓

− 𝐼𝑀
𝑝𝑟𝑒

 

So, this we have learned, how to obtain the corresponding superimposed component in distance 

relaying for fault classification and also in the directional relaying perspective. Now, see, how 

the method can be developed using the superimposed component for fault location. Now from 

this network ∆𝐼𝑀 can be represented as 

∆𝐼𝑀 =
(𝑙 − 𝑑)𝑧𝐿 + 𝑍𝑁

𝑍𝑀 + 𝑍𝐿 + 𝑍𝑁
𝐼𝐹  

 



So, what we see here that in this network, the corresponding fault path current is divided into 

this side and that side. So, this, the corresponding current to the impedance up to M bus divided 

by the total impedance. Now, this allow the total fault current IF to be determined by 

𝐼𝐹 =
∆𝐼𝑀

𝑘𝐹
 

where kF is given by 

𝑘𝐹 = |𝑘|𝑒𝑗𝜃 =
(𝑙 − 𝑑)𝑧𝐿 + 𝑍𝑁

𝑍𝑀 + 𝑍𝐿 + 𝑍𝑁
 

One point here, as we have earlier also discussed, if the system is homogeneous, then ∠𝑍𝐿 ≈

∠𝑍𝑁. And in that case, the angle of theta becomes 0. So, with that assumption, if you proceed, 

then you can simplify the things. Now, let the corresponding equation for this circuit becomes 

𝑉𝑀
𝑓 − 𝑑𝑧𝐿𝐼𝑀

𝑓 −
𝑅𝐹

|𝑘|𝑒𝑗𝜃
∆𝐼𝑀 = 0 

 Multiplying by ∆𝐼𝑀* and assuming homogeneity (θ= 00). Taking imaginary part distance to 

fault (d) can be represented as 

𝑑 =
imag(𝑉𝑀

𝑓
∆𝐼𝑀

∗ )

imag(𝑧𝐿𝐼𝑀
𝑓

∆𝐼𝑀
∗ )

 

So, using this one, you can find the distance of fault in apparent or so. 
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Now, let us see an example 

Example, a-g fault at 60 km from bus M for 400kV, 200km line, considering r fault resistance 

is 10Ω. . Calculate the fault location. Positive sequence impedance per km, z1= 0.02+j0.286 

Ω/km. Zero sequence impedance per km, z0= 0.106+j0.837 Ω/km. 

Solution:  

The value of 𝐼1𝑀
𝑝𝑟𝑒

= 1.5486.840 kA and 𝐼1𝑀
𝑓

= 2.91104.930 kA.  Therefore 

∆𝐼1𝑀 = 1.52123.240 kA 

The fault voltage at bus M is 

𝑉𝑀
𝑓

= 𝑉𝑎 = 169.197.620 kV 

Simultaneously  

𝐼𝑀
𝑓

= 𝐼𝑎 + 𝐾0𝐼0 = 8.949.120 kA 

Therefore, for the a-g fault, the apparent impedance seen by relay at M can be calculated as 

below: 

𝑑 =
imag(𝑉𝑀

𝑓
∆𝐼𝑀

∗ )

imag(𝑧𝐿𝐼𝑀
𝑓

∆𝐼𝑀
∗ )

=
234.24

3.9
= 0.301 × 200 = 60.2 km 

Now the percentage error in estimated fault location will be  

|
60−60.2

200
| x 100 = 0.1%. 

So, see this is pretty good and promising compared to simpler reactance based method. 
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There is another promising method, which is available in relays, but which uses both end data 

but not synchronized. With synchronized data, the accuracy becomes compromised with the 

synchronizing clock and so those are particular aspects, and we require a communication data 

to the other end, one end to the other end. But here, we are talking about if one end phasor data 

are available, then from the other end, if the magnitude of voltage currents are available, then 

also we can manage with. So, this is the same two bus system MN and for any unbalanced 

fault, when negative sequence component is there, then only this method is valid. So far we 

have seen very promising results with negative sequence component in directional relaying. 

Now, see here, how that can be also extended here also. So, this is the negative sequence 

diagram for this system in case of unbalanced fault. So, I2F enters here leaves here and then the 

current division will be there from both the sides. Now, for this case, the fault point voltage 

viewed from bus M is 

𝑉2𝐹 = −𝐼2𝑀(𝑍2𝑀 + 𝑑z2L) 

And from N side 

𝑉2𝐹 = −𝐼2𝑁(𝑍2𝑁 + (𝑙 − 𝑑)z2L) 

Equating both equations above 

|𝐼2𝑁| = |𝐼2𝑀

(𝑍2𝑀 + 𝑑𝑧2𝐿)

(𝑍2𝑁 + (𝑙 − 𝑑)𝑧2𝐿)
| 

 



Expanding and substituting the following 

𝐼2𝑀𝑍2𝑀 = 𝑎 + 𝑗𝑏       

𝐼2𝑀𝑍2𝐿 = 𝑝 + 𝑗𝑞 

𝑍2𝑁 + Z2L = 𝑒 + 𝑗𝑓 

z2L = 𝑔 + 𝑗h 

Z2L= l × z2L 

 

Expression of 𝐼2𝑁 can be rewritten as 

|𝐼2𝑁| =
|(𝑎 + 𝑗𝑏) + 𝑑(𝑝 + 𝑗𝑞)| 

|(𝑒 + 𝑗𝑓) − 𝑑(𝑔 + 𝑗ℎ)|
 

Taking square at both sides of the equation and rearranging results in a quadratic equation 

A d2 + B d + C = 0 

 

The fault location d can be obtained as 

𝑑 =
−𝐵 ± √𝐵2 − 4𝐴𝐶

2𝐴
 

Where, 

𝐴 = |𝐼2𝑁|
2
(𝑔2 + ℎ2) − (𝑝2 + 𝑞2) 

𝐵 = 2|𝐼2𝑁|
2
(𝑒𝑔 + 𝑓ℎ) − 2(𝑎𝑝 + 𝑏𝑑) 

𝐶 = |𝐼2𝑁|
2
(𝑒2 + 𝑓2) − (𝑎2 + 𝑏2) 

 

Thus d can be obtained using the negative sequence current and line data at the local end. 
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Example: Consider bc fault at 60km from Bus M for 400kv, 200km line. Calculate the fault 

location assuming that data is perfectly synchronized. Consider fault resistance and inception 

angle are 10Ω and 600 respectively. Negative sequence impedance per km, z1= 0.032+j0.2618 

Ω/km. 

Solution: 

The values of A, B, C constants obtained from the voltage and current data at both the ends are 

A = -5.77e+10 , B = -6.43e+10, C = 2.45e+10 

Therefore, the value of d calculated from expression 

𝑑 =
−𝐵±√𝐵2−4𝐴𝐶

2𝐴
=60.21 km 

So, as compared to the fault created at 60 km, the estimated value gives 60.21km which is 

pretty accurate. So, this, advantage of this method is accuracy based on the negative sequence 

component and no synchronized data required from the other end, this is an offline business. 

Therefore, time is not a factor like in protection schemes. So, what you do here that the, the 

other end information is being transferred to the other one, only the magnitude of the currents.  
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Now, we find that the available methods on phasor based techniques, they have their own 

limitations in terms of accuracy of the phasors. But most importantly, if we see, the impedance 

based fault locating methods require the couple of cycles to provide accurate results, because 

of phasor estimation, decaying DC challenges, CVT issues and so. While this recurrent is not 

an issue for this sub transmission level, because fault clearance may be slower, but it is an issue 

with extra high voltage and the ultra-high voltage system applications, where faults are being 

cleared sometimes less than 2 cycle also. So, you do not have sufficient data for obtaining the 

required accuracy for fault location. Further, the impedance based methods is not good one, 

from accuracy point of view for a series compensator line due to MOV operation and the 

associated protection scheme of the series capacitor also.  So, that leads to scope of alternative 

ways, furthermore, today we have a lot of renewables, as already discussed in the earlier 

lectures. And the renewable integration puts further challenges to current and voltage patterns 

also. And the, those are being connected at different points also. Traveling wave based 

approach is free of such issues of series compensation and so, as we have already seen in the 

protection scheme also, because it is high frequency component, so series capacitor becomes a 

short-circuit only. So, that gives a scope for the traveling wave based approach for fault 

location. 
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Utilities have already used this fault locators for its accuracy advantage. So, we have already 

seen in the protection scheme, such a thing to our systems and fault happens to be there, so 

Bewley’s lattice diagram says that the fault will propagate to this side and this side. If the fault 

from this end is d, then from this end, then from this end is (l-d) if the length of the line is l, 

total length is l. So, this corresponding time recorded here at this end by this relay or the 

recording device a tM and the tN. So, from this, the traveling time tM following the fault 

inception, will be  

𝑡𝑀 =
𝑑

𝛾
 

γ is the velocity of propagation in this medium depends upon the line parameters, line constant 

L and C. And the tN on this side will be 

𝑡𝑁 =
𝑙 − 𝑑

𝛾
 

So, this time tM and tN corresponds to the time following the fault inception. So, from this one, 

d as we have seen in the earlier differential protection or so, the d becomes equals to 

𝑑 =
1

2
(𝑙 − (𝑡𝑁 − 𝑡𝑀)𝛾) 

So, we can obtain the corresponding d.  So if we have information at these two time for both 

the ends, and considering that they are perfectly synchronized, then the corresponding d will 



be very-very accurate. To obtain d, we need tN - tM. The device M and N records however the 

arrival times, and they have their own clocks. So, the corresponding inception time is not 

known. Let us, the inception time is t0. So, the corresponding time which will be recorded by 

these devices 𝑡′𝑀 = 𝑡𝑀+t0 where tM is the travel time of the fault generated surge from this to 

the fault point which we have described here.  

So, 𝑡′𝑀 is known to us at this device of its own clock. Similarly, from N side, the corresponding 

fault inceptions is t0 and travel time tN, so the device records at 𝑡′𝑁, the arrival of the first wave 

at the N side. Now, what we require in this relation is tN - tM. As, 𝑡𝑁 − 𝑡𝑀= 𝑡′𝑁 − 𝑡′𝑀 . So, we 

do not have any problem in obtaining the corresponding 𝑡𝑁 − 𝑡𝑀. And once we have this from 

this recording, then l is known and γ known for the system so we can find out d. So, from this 

relation, we see that the method requires only line length and velocity propagation that depends 

upon L and C, and that is very simple as compared to the phasor based approach or impedance 

based approach, which you have already seen earlier. 
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Examples, the 60 km from the bus M fault is created, and then we have the corresponding 

recorded waves, shown here this M end and N end. So, M the corresponding and the fault 

inception point is mentioned as a 0 here from the calculation in both the, both sides’ clocks as 

recorded.  

And the first wave arrive at, arrives at 208µs, and to the end side it arrives at 483 µs. So, at bus 

M, this corresponding tM = 208µs, and N side, tN = 483µs. So, if we apply the formula with 

available γ = 2.91698524 ⨯ 108m/s.  



𝑑 =
1

2
(𝑙 − (𝑡𝑁 − 𝑡𝑀)𝛾)  =

1

2
(200 ⨯ 103 − (207 ⨯ 10−6 − 483 ⨯ 10−6) ⨯ 2.916985 ⨯ 108) 

= 59.981  km 

 So, as compared to the fault created at 60 km, ab-g fault created at 60 km. Note that, for any 

type fault, any type of fault, corresponding relation becomes same. 
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ab-g fault at 150 km, similarly these are the waves obtained at M side and N side and the 

corresponding arrival time 516 µs and 172 µs, note it here, apply the formula. And the d 

obtained is 150.172 km compared to 150 km fault created in this system. So, this shows clearly 

that the traveling wave approach is pretty accurate, that is independent of fault resistance. And 

so many factors with the impedance based approach is being affected. 
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There are other simplified waves, where the time synchronized is not required, we call traveling 

wave single handed approach, but it has own limitation on this perspective. Let us see, how the 

corresponding single handed fault location using traveling concept can be applied. two 

considerations, one in the, first, the fault F1 is closer to this bus N and in between the midpoint. 

And the second case is, it is closer to the N side, and it is beyond the midpoint from the M bus. 

So, we are considering the relay to be here only, which records the data or data recorder, with 

these corresponding Bewley’s lattice diagram for the first case, let us say, fault distance is d1, 

this side becomes (l -d1). So, this d1 position is less than 50 % from bus M. So, the wave starts 

following the fault inception, and reaches here at tM1, and again is reflected at this point because 

of the load and other things, and goes towards the fault. And again, from the fault point, it is 

again reflected. So, the second wave is received at tM2. So now, if we think about this fault F1, 

that within the first half, then the tM1 = d1 /γ, we already know. And tM2 equals to 3d1 / γ. How? 

This is d1 travel, again another d1 travel and another d1 travel. So, this leads to, the tM2 equals 

to the total time from here to here is 3d1/ γ. Now, let us come to the second case, where the 

fault is beyond the 50 % from M end. So, you see here, the fault traverses these portions d2 

distance and arrives here. And again, we go to this fault point, and again we will reflect a bit. 

There is another one, the green one, which goes to the other end, and at this end it is reflected 

and traverses and some portion again transmitted to this side at the fault point. Some, which is 

reflected to the side, something will be transmitted to the side. The transmitted one reaches to 

this at tM2. Note, this is the second wave, which has been received at M location for this case, 



first wave and the second wave. Now, note that the corresponding reflected one and again 

coming back here that will be the subsequent one, because the distance is more than 50 %.  

So, considering these two fast waves which are arriving here, in the second case, the 

corresponding distance between the two cases 

𝑡𝑀1 =
𝑑2

𝛾
; 

And  

 𝑡𝑀2 =
2𝑙 − 𝑑2

𝛾
 

How? So, this distance travelled is (l -d2) this is (l - d2) again. So, these are the two equations, 

but now the question is that for a given instant, we do not know the fault is beyond 50 % or 

within 50 %. If we know that, then we can apply, if it is within 50 %, we can apply this relation. 

And it is beyond 50 %, we can apply this relation. So, that is the challenge. So, some method 

for that one that they, we integrate the impedance based approach to see how far is the fault, is 

it beyond the midpoint or within the midpoint? If there is a clear indicative of that, then the 

fault distance can be obtained like the earlier case if you can record the corresponding two 

wave’s arrival times. 
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So, what we see, that fault location can be obtained very accurately and that is what they also 

using the traveling wave based approach recorders with synchronized data from both the ends 



from the, for the traveling waves. But traveling wave is high frequency, so it has high sampling 

rate as we have already seen in earlier lecture on the protection perspective. It has advantage 

for series compensated line because series compensator does not influence its traveling wave 

propagation. But there are issues, when fault occurs when the voltage at the fault location 

crosses 0. So at that time, the fault will not launch any traveling wave. So, we do not have any 

travelling wave. So in that case the method becomes ineffective. Therefore, the good solution 

is protective relay that include both the impedance based and traveling wave based methods 

have a better solution advantage in locating fault for all situations. And traveling wave will 

most of the time, will provide you accurate solutions, and as and when it required, it can 

supplement it by the impedance based approach also, an integrated approach will be a better 

choice. So, in overall, we see that the traveling wave is a newer concept for protection schemes. 

And it is advancing and wish it will provides in future excellent protection solutions. Thank 

you.  

 


