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Line Differential — Part 1

Welcome to NPTEL course on Power System Protection. We are continuing with next module

on Differential Protection of Transmission Line and Busbars.
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CONCEPTS COVERED

Lecture 42- Line differential - Part |

+ Line Differential Protection
- alpha-plane approach

In part 1 of the line differential protection, our emphasis will be on the normal percentage bias
differential relay. And there from, we will go to the a-plane Approach, a superior approach
using the current differential principle. Note here, it is a differential protection of lines, cables
and so. So, we need communication system, and that makes the big difference as compared to

the differential protection of transformers, which we have already addressed in earlier modules.
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Line current differential relay

» Device number- 87L

» Basic philosophy:
+ communication assisted unit protection scheme
+ Principle depends on

* Operating current: The differential current, which is the phasor or instantaneous sum of the
currents flowing into the zone of protection.

* Restraining current: Current flowing through the zone of protection, provides the desirable feature
of restraining the relay ®peration during the events that cause false differential current.
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Let us see, how this line differential functions. Device number 87L for line. So, this is unit
protection, but it needs communication. As usual the differential protection has 2 components
of currents, operating current and the restraining current derived from the currents from the 2
ends of the line here. So, we are, let us say, considering a generic transmission line here, so this

is a transmission line.

And as we discussed for the transformer, similar to that the corresponding CTs are connected
here. The corresponding operating current becomes equal to the secondary current of the CT
i1s incoming here. So, this is internal fault. So, from the side also incoming current. So, that
makes the current directions in the CTs to be like this, and then becomes, the operating current
becomes i1s+izs, primary side s. So, call 1 side and the 2 side.

Now, note that this a transmission line. Unlike transformer, here the voltage level is same. So,
the corresponding expected CTs are of same ratio, same make or at times if the, that CT may
be replaced by another make also. And with time, the partners of the CT may vary even though
they may be having same ratio or so. For external fault, the current direction in the line becomes
like this, unidirectional. So, therefore, you see here the current, this side becomes same as
compared to the earlier case of internal fault, but this side the current direction becomes

changed.

And the operating current becomes, i operating becomes equals to iss - i2s, and that results the
operating current to be 0 in general. So, for external fault, the operating current will be 0 and
for internal fault the operating current will be higher. But the restraining current, the current

flowing through the zone of protections provides the desired feature for restraining the relay,



and this is similar to what we have discussed for the transformer protection. We will have more

details in subsequent slides.
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Line current differential with different computation techniques

Sample value based: Phasor value based:
Operate on instantaneous current (based Operate on phasor current (steady state 50/60 Hz
on time domain equations) signals at both component) at the terminals.

ends. Sampling frequency (1-1.2)kHz

Sampling frequency (4-10) kHz Intermediate filters (Mimic filters) introduce delay in
Faster protection (Operating time = 4ms). the operation.

Require instrument transformer compatible Accuracy increases with increase in window size.
with higher frequency range. Operating time varies between 1 to 1.5 cycle.

Differential relay architecture

Two approaches, like in transformer also, we discuss, one is Sample Value Based Approach
for Differential, Line Differential and the other is Phasor Based Approach. They have their
own advantages and disadvantages. Sample value-based approach uses the sample value, the
instantaneous current samples. Typically, the range is 4 to 10 kHz in available relays. Very fast

protection, operating time around 4 millisecond and so.

And the high sampling rate and so, the corresponding instrument transformer should be
compatible to that. Phasor value-based approach, it can be lower sampling rate also and then
we have many filters, phasor estimation and all these things. So, therefore, the corresponding
protection decision typically ranges from 1 cycle to 1.5 cycle for a reliable decision. But
accuracy will be better as compared to the sample-based approach.

So in generic, we say if this is a transmission line having few kilometers, then essentially we
require relay at this end, receiving end and, the relay at R end and relay at L end. So, the
corresponding Relay R1 and Relay Rz, one will be transmitting and the other will be receiving
the corresponding sample value or the phasor values through the communication channel, and

the corresponding relay will be deciding locally to trip the corresponding circuit breaker.
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Different communication channel
[ Chamnel | Advantages | Disadvantages |

Metalic pilot i.  Ease of application i, Low bandwidth
wires ii.  Preferably entails analog signal. ii.  Highly susceptible to induced
voltages for long line (>25km)
application.
iil. - Lower channel capacity low data
rate

Power line i Long distances achievable (100's of km) I. Low bandwidth

carrier ii.  Flexible for both analog and digital signal il.  Additional signal attenuation
during power system faults.
Optical fibre i Very high data rate, cover up to long distance (> 100km) i. Dedicated link often not justifiable
il.  Immune to interference. for protection purposes due to
cost.

il. - Recovery from route failures is
difficult
Tele i low cost of operation due to widespread availability of i, Rented channels may be subject
communication public networks. to switching, re-routing that leads
networks ii. ~ Suitable for long multiterminal transmission lines to asymmetrical delays in the
iil.  Recovery from route failures is rapid and often automatic (SDH/SONET) network
iv. Largely free from disturbance during power system faults

Common practice at present is -with serial data via Fiber Optic or digital
networks. The differential protection in this form can also be implemented on feeders above 100 km

So, as mentioned, this essentially requires communication channel, which is the backbone of
this operation of the differential relay principle for transmission line and so. And the varieties
of approaches, we will see, speed of operation and so, solely depends on the communication
channel. We can have the pilot wire; metallic pilot wire as usual; we can use the power line
carrier also; the fibre optic approach, widely accepted today; other dedicated

telecommunication networks.

So, they have their different advantages. For metallic pilot, it is ease of application, relatively
cheaper also. So here, power line carrier, but there through the same line, so that is why it had
its own applications, limitation also, advantages, you do not require any further cable or so for
the communication. Fibre optic, very high rate and volume of data can pass may be, will be
considered very high. It leads to advantage of larger distance of protection also. In other forms,
it may be 10 kilometer, 20 kilometer limitations kind of thing, but here it can go more than 100
kilometer also. Fibre optic approach, it does not have any electromagnetic interference, that is
another advantage.

Telecommunication networks, from that one, we can take a one, and then there becomes a
cheaper operational cost, and investment may not be required also. These are free from
disturbances from the power systems, and the recovery routes failure becomes pretty small like,

because they may be maintained by others and there may be alternative routes and so.

These options have their disadvantages also like pilot wires having low bandwidth, flow
channel capacity, so also, the power line carrier, interference with the, during faults the

corresponding signal availability may be poor. Fibre optic cable, higher cost associated and



recovery of route failures, communication link failure, recovery becomes challenging. These
telecommunication channels with rented ones, they have, the demerits of because of other
signals will be, they are available. So therefore, interference may be there in terms of other
things.

So, in our, we can see there are different options available for communications, and accordingly
the application scope remains. Today, we have fibre optic based communication to, with digital
communication networks. And this leads to the scope of transmission line larger than the 100

kilometers also to be protected through such an arrangement.
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Challenges with differential relay

+ The differential current is not zero for external faults. The common causes of false/
leakage current are

+ Charging current (cable/long line) and tapped load
+ CT saturation

+ Channel delay compensation error

But there are generic problems with differential relay. The differential current does not become
0. For external faults, there are different regions for that. For example, high voltage system,
cable or long line, charging current is pretty large sometimes. The higher the voltage and the
longer the lines, the charging current becomes more. Tapped load, if there is a in between
tapped load, that load has, that has to be taken care in the differential one.

CT saturation, as usual you see here. Even though the CT ratio may be same with time and so,
and in case of different manufacturers, different quality of magnetization characteristics, one
CT may saturate deeply and one may not saturate. That becomes a problem. Channel delay

compensation error. We know, we have now communication system.

So, there will be a delay in availing the data at one end. And that leads to time difference. So,

when we are talking about phasor or sample values, the comparison becomes erroneous and



that leads to non-zero differential current, false current or the leakage current perspective even

during external fault or so.
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Percentage biased differential relay
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Operating current, log = |, + Iy | lpy

+ CT saturation

urrent

- Tapped loading

m

- Charging c

Restraining current, les = | I, — Iz |
Bias:

+ A fixed bias (lpy) is introduced to take care of constant differential current due to
charging current and any tap loading in the line.

+ m,and m,are slopes of the characteristic for secure decision during external faults

Trip condition:
* lop > Ipy & lop > milges (i=1,2)

Now, let us see first the percentage biased differential relay. The way we have discussed in
transformer protection also. This is the transmission line, L bus and R bus, local bus and remote
bus or so. Now, the operating current, lop=|IL+Ir|, this side current and the side current and the

restraining current Ires=|IL-1r|. So, this is the way we discuss in transformer protection also.

So, this decision of the relay will be based on the I operating current should be Iy, the pickup
setting, minimum current required, and must be also greater than m1lres. And we can have 2
slopes like in transformer m1 and m2. Here, we have 3 zones, we have divided the
characteristics, the upper, above this line characteristics is trip and below is no trip case. The
first portion is about the assign to the charging current issue. So typically, this IPU is set twice
of the charging current or so.

And more than, may, then also, that also. CT constant error, there may be something like 5
percent and so. Relay accuracy, the computational perspective of the relay and associated
things, error will be there, so that falls in this region. And when we have CT saturation for
through fault or so, then deep saturation leads to more differential current. And that should be

address here in terms of, with higher slope or so.
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From percentage bias to a- plane

L

I Iy
L : :
C % @ Im(lafh)

lop > mlggs

Trip \\\1\;5—‘
substituting lpp = |l + Iz| and Iggs= |1, — Iz| above 33 w
Ao}
|1 + Il > m|l, = I Restrain

lPU
Dividing both side by |,

|
Ip/l, + 1] >mllg/l, -1 o
i/l +11 e/l =1 Percentage biased Current ratio plane

Considering Ip/I, = a+ jb

2
a® +2a Atm )+b2 +1>0 for Trip If we consider other expression for
(1-m?) calculating  restraining current  (as
) X i mentioned in transformer protection), the
This equation represents a circle of: current ratio plane characteristic may not
i remain circular.

* Radius r=2m/(1 - m?), Centre (a,b.)= 0

1-m? '

Now, we will see how we can move from percentage biased differential relay to another form
of characteristics called a-plane characteristics. So we will start from the basics and then release
to how that is being realised in different available percentage by, different available line
differential protection schemes. So here, for this case, | operating should be greater than mlges.

So, let us say, this basic equation is to be used.

So, if you are using only this equation, so substituting, | operating equals to IL plus IR, and |
restraining equals to, sorry, lop=|lL+IRr|, and lres=|IL-Ir|. Then, we get the corresponding, from
this relation, we get this relation in terms of the slope of the line. And then dividing both terms

So, these Ir and I are our phasors, and considering Iz/I;, = a + jb, complex number, so we

2
get the corresponding inequation a? + Za% + b2+ 1> 0 . Note, this decision process,

lor > mlRes is for this region, that is a trip region.

So therefore, from this what you derive, so this relation states for trip. So, this portion greater

than 0 implies it for the trip decision. But this relation gives us a representation of a circle,

2
whose radius r =2m/(1 — m?), and centre of that circle (ac,bc)= — 1rm

1-m2 '’

So, if you we see, this mlres imply this straight line from the origin for this straight line
equation only for this relation, then this can be translated into this, and this will be a circle with

(ac, bc) at the centre, be being 0 in generic here for this relation. And with radius r. So, this



relates to the corresponding imaginary versus the real part of the Ir/I.. Note, Ir/lL, it means that

if we are talking about from this and local, so that remote-end current to local current.

So, this ratio, what we have found here, considering that as a plus jb, so this leads to in terms
of that. Now, however we have taken a simple equation here. Now, if we consider other
expressions for calculating the restraining current like Ires, as K multiplied with [I.-Ir| or
max(|I|,|Ir[), then the plane, the corresponding plane characteristics becomes different, more
complex. But for simplicity, we are trying to study the translation from this percentage by

differential relay to such real, imaginary plane in terms of this.

Note, one point here, a difference here that the lop=|IL+Ir|, and Ires=|lL-Ir| Or in some case we
take Ires=|lL+Ir|/2 or like that. So, these are on the magnitude of the phasors, but here, we see
here, we are just like taking imaginary and real corresponding phasor value, both magnitude
and angle part and real part and the imaginary part. Similar to that, your distance relay you
consider about the impedance, the real and imaginary aspect.
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Representing Power System Conditions on the current ratio plane (a —Plane)

L |. Exteral faults and Load conditions
Ratio= —=a+ jb=re/? ! ¥
I | 4
L ‘ V Iﬁ
b * -
ntemal faults with outieed at R II. Internal faults (infeed at both ends)
T 1R

Extemal faults and Ig
Load conditions Internal faults 7 >0
\ [
-1,0 - Iy
(-1,0) t a | ,i =
Internal faults with =0 L

outfeed at L

5

V. Internal faults with outfeed at L (high resistance fault)
L, 1R

L I

F<-l
J. Roberts, D. Tziouvaras, G. Benmouyal, and H. J. Altuve, The Eflectof Multiprinciple Line b
Protection on Dependablty and Security, Schweitzer Engineering Laboratories, inc. 2014

Now, coming to that, complex Ir/l., they are complex form. So, i—R =a+jb =rel? Now, let
L

us study this nature of this equation. For external faults and, or loading condition, this is the
line, there is an external fault or any loading condition, Ir/Ic, that will be equals to -1 as per the
CT connection. So, that becomes equals to 1 with an angle of -180° , the other way in the polar

form, in this form.

So, this Ir/I. being equal to -1, so in this complex plane, so this happens to be this point. So,
this one corresponds to external fault of loading condition. Second situation, internal faults,



infeed at both ends, interconnected network. So, for internal faults, current flows from this side
and also from this side. So, Ir/IL, that may be greater than 0, so this portion. Ir 0, this end 0,

radial system also, then current only flows from this, so that becomes 0, so that is this point.

Internal fault with outfeed, through, high resistance fault, so even the internal fault happens to
be there. And because of high resistance path, current may still perform this side to this side, it
can still, load can be still to some extent be maintained. So, in that case, Ir/I_ that in the region
of 1 to 0, and we are talking about that the internal faults with outfeed, so internal fault with

outfeed at R. So, this green region corresponds to, for this situation.

Internal faults with outfeed at L, so now here power is flowing from this side kind of thing and
the fault and then this one, so Ir/IL, so this I.<-1 and this falls in this region. So, what we say
that these are the different condition of the system for external faults and internal faults. And
that reveals that on this complex plane, there are different regions, which you can clearly state
that this corresponds to internal fault and this corresponds to external fault or so. This is what,

we can reveal from this relation.
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System Power Angle and System Impedance Non-Homogeneity issue

b

ok clled MR For internal faults, the angles of the phase currents I S /

and |y depend on the angles of the corresponding oo
Extemnal faults and ol e source voltages and on the angles of the impedances X g
Lo conciiony > from the corresponding source to the fault point. %‘é -
p— \ l In general, the currents at both line ends are not exactly s s

B : in phase for an internal fault.
+1,0) ’
; Internal fault with both end infeed may be varied by 1
Internal faults with g =0 +30° e
outfeed at L b I
Regions corresponding to load, extemal faults and

internal faults with outfeed remain unchanged

Channel Time - Delay Compensation Errors
+ Communications channel time delay produces an apparent phase
shift between the local current and the received remote current in
current -only pilot protection systems

b Internal faults with outfeed at R
I

Internal faults

+ The delay differences are typically 1to 2 ms.

+ C channel generate an error in the
time alignment of phasors /, and /p.

Internal faults with
outfeed at L

+  Channel asy! y expands the

Now, in reality, this system is not ideal as expected. And like a condition, there is non-
homogeneity issue, source impedance angle may not be same as the line impedance angle and
it is more prominent in case of cable and so. For internal faults, the angles of the phase angle
IL and Ir depend on the angles of the corresponding source voltages and the angles of the

impedances associated, that is the sources.

So, what happens, that the points and the region, which you had thought of earlier in an ideal
translation in the complex plane (a, jb), now what we say, that in reality there will be some
variation in there. So, in general, the currents at both ends are not exactly in phase for an
internal fault. So therefore, there may be a region of like this, it might be +30° variation,
something like that. The region corresponds to load, external faults and internal faults with

outfeed remain unchanged.

So, this will be unchanged, because in case of this transmission, the fault happens to be there,
so fault current flows to that side, so both CTs will be observing a similar level of currents. So
therefore, the ratio will be (-1, 0) for even the system may be non-homogeneous. Now next, we
will go to the channel time, a channel time is delay compensation error as already mentioned,

such an arrangement for a line protection or so is having communication system.

So, there is a delay associated in communication system to avail the data from the other end.
So, this communication time delay leads to time corresponds to angle variation in the phasor
perspective, because the discussions we are making for these characteristics is based on phasor

value, not on the sample value. Typical time difference maybe 1 or 2 millisecond. So, 1



millisecond in 50 hertz system corresponds to 18°, 2 millisecond corresponds to 36° and so

also similar things will be there for the 60 Hz system also.

The communication channel asymmetries generate an error in the time alignment phasors for
IL and IR, local and remote end. So therefore, the characteristic becomes now the expanded
one. So, we have discussed for this internal fault issue on the non-homogeneity. Now, on this
perspective, for the different external fault region, internal fault outfeed and internal fault with

outfeed at R and so, what we have discussed from this perspective.

Now, there will be some uncertainty regions, again they will be expanded because of the
associated delay in the channels, that delay corresponds to angle, and therefore, we have
extended the angle from this side and both these sides depending upon the delay and which end
we are using. So this is from the ideal nature of this, there will be deviation in case of actual

circuit realization.
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Combined Effect of Channel Asymmetry and System Impedance Non-homogeneity

+  Inworst case scenario, the angle erors due to system impedance non-homogeneity are added to the angle eror due to channel asymmetry.

Internal faults with outfeed at R

Extemal faultsand  jb
dcondiions ¢
\ / Internal faults
/ (A

1,0 a

k=0

Internal faults with
outfeed at L

Current Ratio Plane Characteristic (a - Plane )
+ The relay restraining region in current ratio plane is the area between
two circle arcs and two straight lines and includes a =-1. o/ SE Trip

+ The characteristic is symmetrical with respect to the a-axis and the radii
of both arcs are reciprocal ( R and 1/R).

Now, combining the effects of channel asymmetry and system impedance non-homogeneity
issue and all these things, so both combined and the effect may be more significant, and that
leads to a characteristic like this, where this portion, you see here, these portions in -1 to 0
around, that is for the external fault or load condition, that is, it means that this is restraint
region. And the other region are internal fault, this is also for internal fault, this is also for

internal fault and so on so forth, this is also internal fault case.

So, this is a region of restraint region, and the other portions are, whatever has been provided

with colours are being the internal fault cases for the transmission line. Now, another case



situation, current ratio plane characteristics, which we talked about from this, we like to go to

that a-plane, we call it a-plane.

The relay restraining region in current ratio a-plane, the area within this, so what we say here,
that from this overall characteristics, some of the manufacturers provide on the complex plane
to have this in terms of the characteristic is symmetry with respect to the a-axis and the radius
of both arcs are reciprocal, that is, if this arc is R, this becomes 1/R.

So, that leads to situation about that this restraint region here, is being mapped like this with an
angle of a, that is the name, we are talking about a-plane. And then on this complex plane, we
talk about this region, a different restraint region. And rest region is called the trip region of
the system. Such an approach is called a-plane. And that, we can say, ratio equals to be Ir/I,

and we consider the ratio to be Ir/IL, that is called the B-plane and so.

(Refer Slide Time: 27:42)

Effect of CT saturation
b + When a CT saturates, the fundamental frequency component of the secondary current decreases in
magnitude and advances in angle.

+ When the local CT saturates and the CT at the remote end of the protected line does not saturate, the
current-ratio magnitude of the phase currents increases and its phase angle decreases, moving the
operating point upward and to the left from the (-1,0) point.

+ When the remote CT saturates and the local CT does not saturate, the current-ratio magnitude
decreases and its phase angle increases, moving the operating point downward and to the right.

saturation + Because of the effect of the current dc offset on CT saturation and the relay filtering transients, the

current ratio actually describes a time-dependent irregular trajectory.

Local CT
saturation

Exterpal faults and
Loaq conditions

b T

+ Including all the mentioned effects (system impedance non-homogeneity, channel
asymmetry, CT saturation) and also the effects of charging current, low frequency BTLAN

lation effects in series comp line, a typical setting provided in a practical | Tip
a-plane characteristic is shown in the figure o
/81
Afactory setting may be i 2
4,0

Radius of the a-plane characteristic (87LR) = 6

Angle of the a-plane characteristic (87LANG) = 195° Restraining|
regon_ |

Confining only to this a-plane aspect, now let us, we led to the CT saturation perspective. In
case of CT saturation, the fundamental frequency component of the secondary current
decreases in one of the, let us say CT saturation in one of the CT. When the local CT saturates,
and the CT at the remote end protected line may not saturate, the current-ratio magnitude of
the phase current increases and its phase angle decreases, and that leads to the moving the

operating point upward to the left from the -1 to 0.

So, this is what, upward, this one local CT saturation. And when the remote CT saturates, the
local CT does not saturate, the current-ratio magnitude decreases, and its phase angle increases,

moving the operating point towards the right. So, this, you can see this. So, this will be region,



which we are talking about for CT saturation prescriptive. So, that leads to the corresponding

issue with the inclusion of the CT saturation.

And because of the effect of the current dc offset on CT saturation and relay filtering transients,
the current ratio actually describes a time dependent irregular trajectory, so that we will go for

the turbulence kind of thing during that fault, in the initial period of fault and so.

So, including all the mentioned effects, the non-homogeneity, channel asymmetry, CT
saturation and all these things, and also the effect of charging current, low frequency oscillation
and all these things, so finally, manufacturers provide a region of, in the complex plane of jb
versus a. The corresponding restraining region to be like this, and the rest of the region being

the operating region for the systems.

And these, the larger one corresponds to the radius of the restraining region R and the smaller
one is 1/R, as we have already described this. Some factory settings and all these things, which
manufacturers provide, the 87LR for that radius is 6. And the corresponding angle for that may

be typically 195° or so, this a angle and so.
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Comparison of Percentage bias characteristic and a — Plane characteristic in current ratio plane
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+ When we set same both relays for the same + If we increase the slope of the traditional
level of tolerance to outfeed, the traditional relay to accommodgte a high level of
differential relay has very low tolerance to channel ~ asymmetry, the relay loses
channel asymmetry. sensitivity to intemnal faults with outfeed (like

in high resistance fault situation).

Now, when we make a comparison between the percentage biased relay and so, so in the
percentage biased relay, we talk about that and making mapping of the corresponding line to
be, to a circle in the complex plane. But just now, we saw that the a-plane characteristics
becomes the whole region. So, the corresponding percentage biased relay, map into this

complex plane in only this portion.



Now, note, this extended portion available in this a-plane, the advantages are that they have
more tolerance to channel asymmetry, these regions relate to the channel asymmetry, that is
the delay and so. And that is the advantage and that is what happens in a typical differential
relay, line different protection and so.

Now, if we like to increase the corresponding radius of this circle by increasing the slope of
the line, increasing the m in the line differential, percentage by line differential, then we can
get a larger circle. R becomes more. But then what happened? On this percentage biased
characteristics, mapping here in the complex plane, so, we say, this goes to this corresponding

1/R, the smaller region, which is then internal fault region that vanishes.

And therefore, that leads the sensitivity issue of the, for the particular arrangement with the
percentage biased perspective. So, that is the advantage of, so the clear advantage of this a-
plane characteristics over percentage biased characteristics. We make smaller, then we have
disadvantages in terms of channel asymmetry, and make it larger, there is slope larger, then we

have the sudden phase in terms of that on the sensitivity of the relay for internal fault case.
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Percentage biased vs Alpha-plane

+ As phasors, the two currents of the differential zone have three degrees of freedom (two
magnitudes and a relative angle); thus together, they constitute

+ The percentage differential principle maps this space into a new two-dimensional space of the
differential and restraining signals (both are magnitudes) and draws a boundary of operation as a
line (not necessarily a straight line).

+ The Alpha Plane differential principle maps this three-dimensional space into a new two-
dimensional space of real and imaginary parts of the ratio between the two currents and draws a
boundary of the restraining region as an enclos&d contour

In addition, we see, what you talk about the gain or the advantages of a-plane versus the
percentage biased. As already mentioned, there is a clear distinction between these 2
approaches. And why that advantages are being exploited, we can justify from, that the phasors,
the 2 currents of the 2 sides of the relay, we have 3 degrees of freedom, 2 magnitudes IL and

IR and the angle between them. So, these are the 3 things, 3 degrees.



The percentage differential principle maps this space into 2-dimensional space of differential
and restraining signals | operating versus | restraining, but both are magnitudes, and it draw a
boundary upon operation as a line, may not be straight line, may be of multiple lines and chord,
or chord.

But in a-plane differential principle, we made the 3-dimensional space of IL, IR magnitude and
the associated angle into a new 2-dimensional space of real, imaginary parts of the ratio
between the 2 currents and they draw the boundary of the restraining region as an enclosed
contour. So, here it is only related to magnitude, here we are retaining the angle also. So, that
makes the difference between the 2 approaches. And therefore, we exploit more advantages in
a-plane compared to percentage biased line differential protection.
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Issues related to Line Current Differential: Charging Current

L R
A RiX lk

[ 12 la/2 l

Total charging current of the line =|m

+ Capacitance of the line result in spurious differential
current. Predominant at higher system voltage levels.

+ Leads to unwanted operation or compromise in sensitivity
o

765KV Line 500 km, I, around 1 kA

Bel, Jordan, Ariana Hargrave, Greg Smelch, and Brian Smyth. ‘Considerations When Using Charging Cuent Comensation in Line Cuent
Difierential Applications.* In 72nd Annual Conference for Protective Relay Engineers. pp 11,2019

Some issues, first line current differential, related to a charging current. So, we know, over a
line had associated capacitance or cable has capacitance. So, when it happens to a long line,
the charging current becomes significant. For a 765 kV, 500 kilometer line length, the charging
current can be as high as 1 kilo ampere, maybe sometimes more than the load current. So, so,
that results in spurious differential current the unwanted differential current, and that clearly
leads to a poor sensitivity of the relay unless otherwise been addressed. More voltage, more

charging current; more length, more charging current.
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Issues related to Line Current Differential : Charging Current

R + Charging current affect
on negative/zero
sequence current is
very low, so such

i o2 wzi sequence component

Cline r?t[ v ]rc w2 based element can be
= = better than phase based
Total charging current of the line =|Cn appro:xch

Charging Current- Compensation techniques
+ Phasor based:
+ Generally done by setting the pickup of line current differential elements; I,y = (2 = 2.5)
+ Not accurate for transient and variable loading conditions.
+ Sample value based:

L
_'E R#X Ik

—

\ ' . 3 d Y §
+ Charging current is calculated using; i, = C% and compensation being done by
PR— len . _. ich
ll,—lml._%vl}i —lmk‘f

+ Provides better sensitivity than the phasor based method.

Now, how this charging current is being reflected in the protection? So, we say, the
corresponding charging current if it is being, not being addressed, then the percentage biased
relay, the threshold, which you talk about pickup Iv should be twice to 2.5 times of the charging
current of the line. So, if the line becomes longer, charging current becomes longer. So, pickup

setting becomes more and more, that means that we are compromising with the sensitivity.

Sample based approach, the charging current can be computed CdV/dt according to the side
which we are computing. And then, we can subtract the corresponding charging current using
the sample value, the corresponding measured value of the line current through the CT and
then subtract that this charging current upon 2. So, that gives you I.. So, this way we can
compensate the corresponding charging current and that will give you a better sensitivity of the
relay, because we are already subtracting the corresponding charging current from the sample’s

value of current.

After getting the samples, you can compute the corresponding phasors, and this way, you can
exploit that, that each corresponding charging current can be mitigated in a better way for the
line protection. In addition, you know that the positive sequence, negative sequence and zero
sequence, sequence-based approach. So, we have negative and zero sequence current, the
corresponding charging current becomes much smaller. And therefore, if we use the sequence
based approach of percentage biased element, then the negative and zero sequence approach

will be a better solution for managing charging current aspect.
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Example: Charging Current Compensation “
. _IE 3gextemal faut KR Voltage 400kV
mlf Line length 300km
7t 0.173+0.984
Phasors without compensation Phasors with compensation- Z, 0.02+j0.2867 Q/km
RS . 0% sample based approach 2 0.08+0.83 Q/km
I,.: 1.80Z- 83°kA l,.: 1.92/- 834TOKA . o
=P e s Sl X, 273.48 kQ-km
lsp: 1.96296° KA I,: 190296 54° KA
lop: 0.16./84.9°kA lop: 0.02/- 84.42°kA

—_— | —l

L R

L (kA)
—_ = w
LI (kA)

4 45 5 55 6 4 45 5§ 55 6
Time (s) Time (s)

without charging current compensation with charging current compensation (sample based)

One example on how charging current affects, and then how to mitigate that. This is a 400 kV
line, 300 kilometer. Line parameters are available as here in terms of kilometer basis and these
source parameters also. So, at an instant, the corresponding phasor’s value for this external

fault, 3-phase external fault, 1.8 and 1.96 at the 2 ends with angles of -83° and -96°.

Now, what we say here, that the phasors, this is without any compensation, line charging
compensation or so. So, then the operating current becomes summation of these two, that leads
to a current of 0.16.£84.9° KA. And if you use, using the phasor compensation with the sample
value approach, just like the way we talk about (Im- Ic)/2, so that leads to the corresponding
operating current to be 0.12./84.42° KA.

So, we see, a substantial reduction in operating current, and that is, it is also evident from the
2 plots, which we see here from this, the corresponding phase A current here and for the phase
A current here, in here and in the here case. Here, with charging current being compensated
using the sample value approach and here there is no charging current compensation. So, that
means that this spurious current will lead to less sensitive differential protection for this
perspective, so that the advantage you can exploit by compensating the charging current.



(Refer Slide Time: 40:00)
B 0

Issues related to Line Current Differential: CT saturation

+ Remanence flux in the CT core due to the high-magnitude asymmetrical current leads to CT saturation during fault.

+ Secondary phase current magnitude decreases and its phase angle leads to the primary fault current depending on
the saturation level.

+ Mismatch in the terminal currents due to the saturation result in spurious differential current during external fault.

+ Mitigation approaches:

+ High bias setting: A high slope is set to prevent
maloperation for external fault condition with CT
saturation

+ Harmonic restrain: Relay triggers the 2" harmonic
(;—-’>zum) restraining scheme to restrict the trip

opleration during CT saturation and external fault.

+ Waveform analysis: Considering the CT saturation
time of (0.25-0.5) cycle, external fault is detected e

using the substantial change in restraining current Tink ()

than the change in operating current.

Now, issue with, second issue is the CT saturation. So, in CT saturation, percentage biased
relay, what we do with that, we increase this slope and we exploit that. But we increase that
slope you compromise the corresponding sensitivity, that is true, and that we have observed in
the a-plane approach discussion also. Now, what are the mitigation of the line differential
perspective for CT saturation issue, we go for high bias setting, the end to be 0.8 or so,

something like that.

Harmonic restraints, we say, in this CT saturation, the harmonic content of the signal becomes,
signal harmonic component becomes high. So, I2/11, if we do, that becomes greater than 20%,
we can restrain the corresponding situation, you can add the restraining feature more, you can
add restrained to that one also. In the transformer protections, these things we have already

observed.

We can go for the waveform analysis like I restraining initial portions becomes linear, and then
the differential current becomes small and afterwards it becomes large. So, these, up to this
external fault, that behavior, the corresponding waveform behavior for external fault with CT
is different than, than that of internal fault situation. So, doing that way, just like the

transformer, we can also distinguish CT saturation for external fault.
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Issues with Synchronisation Error

+ Delay in data arrival from other end and associated processing, this is reflected as a \ h
phase shift (A6) between local and remote current phasors @ @

+ during external fault or normal condition - resulting fictitious/false operating current D ] S
creates problem.

+ Mitigation techniques: The relay allows alignment of current signal data through

« Channel-based mode: The sampling at the two line ends is done asynchronously
under control of the internal clock of the micro-processor in the devices.

« The time difference between the sampling of the two devices is determined by
means of time stamps applied at each device and the communication delay. Impact of channel delay for

: . " x external fault
+ The applied principle is known as “Ping Pong" method and used in the Internet for

time synchronisation
« Effective for symmetrical channel only.

+ External-time-based mode: Synchronisation in the terminal current signal is done
by using time stamp information or by utilizing external GPS clock signal

= Synchronization is independent of the characteristics of the communication
medium. Useful for both symmetrical and non symmetrical channel

Synchronization Error, this is about the time for the communication perspective and so, and |
have already mentioned, any error in time will be reflected in 6 and that leads to the phasor
differential computations erroneous. So, there are mitigation techniques on this, channel-based

mode. We can have the 2, there are different approaches, 2 approaches we will discuss here.

One is the ping pong approach and the other one, with the inclusion of the GPS clock signal
and so, which can be, read signal and the, other things there. This, GPS clock and all the details,
we will discuss in wide area measurement system or the PMO technology phasor measurement

in a technique in details, there also.

Now, what we see here, that the local end phasor is this at a given instant of time and the remote
signals when the communication channel arrives here and then it becomes this. So, what we
say, that in actuality for this external fault, the corresponding Ir should be here. And because
of the channel delay, because this is all the old data, so this anti clockwise rotating phasor
should take inside this position.

And because of the time delay, the associated angle A6, so therefore, whatever available
phasors that must be in accordance with the time delay, that must be, the phasor must be
advanced and then we should compare 1./l1r, then the differential current will be O for this
external feed. Otherwise, the differential current of | operating will be of this value will be
obtained if we do not go for the compensation of the time synchronization between the 2 ends

due to the communication channel.
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Synchronization of the measured value phasors via the communication channel (Ping Pong method)

+ Device L transmits the current phasor data (real and imaginary
component) applicable at the instant £ ; with time stamped.
y |+ The device at R receives the telegram at the instant fz; based
on its local time measurement.

+  After intenal processing, the device at R transmits a telegram
T — s of the current phasor at R with a time shift t, back to L at the
e 360° instant tgs,

a

% Tp=time period of the current waveform
+  Device R receives this answer telegram at the time t 5, based on its own clock.

Considering the channel propagation time in the transmit and receive path be
same, then

'
w T =t -l(t i =ta)
u’I’ - ‘ 1L ™ 2 LR 1 d.
The equation only contains times that are measured at L and a time difference

that was measured atR.

The sampling instant f,, that applies for the current phasor at R can therefore be,
related to the clock at L try = tig = tpra
°

+  The current phasor Ig(tgs) that is received at L from sending end R must be rotated by an angle that corresponds
with the time difference with respect to L-end phasor. For example, At = fz; - f5, S0 that a synchronous
comparison with the current phasor /,(f,3) is possible by adjusting the phasor Ig(tzs) by o = a3 I_ b 360°

3

Now, let us try to understand what is ping pong method. So, these are the 2 sides. And here,
communication channel available for both the sides. And the associated time diagram is shown
here, we will be using this for the explanation of the method. So, device L transmits the current
phasors data, device L transmits the current phasor data, real and imaginary components for
the phasors, applicable at the instant t.1. So, at t s, it transmits, it completes the phasors here at
the local end and transmits the current phasors with time information, timestamp.

Device R receives at trr after certain time delay. So, this corresponding time delays is tpt1, SO
this is trr. SO, trr1=trr-tL1. After internal processing at R end, R transmits a telegram to phasor
of, at R with a shift of, with a time delay of tq here at tr3 to the other end. So, this end, phasor
available at trs is being transmitted to the other end with a delay of tp,. And that is being
received at the other end at t.r. So, device R, device at L receives answer the corresponding

telegram at t.r based on its own clock.

So now, the corresponding, considering the channel propagation time in the transmission and

receive path be same, that is ter1 and ter2 to be same delay. So, tprq = tpr, =
%(tLR —t,1 — tg), the processing time at R end. So, this equation if we see here, which

computes the corresponding delay time in the communication system, assuming symmetry, it
contains only the corresponding measure time at L, the time difference and the corresponding

associated time, td computed at the R end.

So, these are the time indices to compute the corresponding delay. So, the sampling instant trs
that applies for the current phasors at R can be related to the clock at L, this end. trz equals to

tLr Whatever we have received here, that phasors, corresponding phasor minus tet2 delay in the



communication system. So, if you can know the ter2 and at the local end whatever time you are

recording, so we can know the corresponding trz at what time it is being dispatched.

So, if we can know this trs, then corresponding angle, that trs angle can be associated with the
relative phasor positions with the local phasor can be computed. For example, so if this phasor
R3—tL3

at tR3 will be compared with t.3 phasors at local end, then a = tT— - 360° where tp is the
P

time period of the current waveform, 20 millisecond 50 Hz system, so each millisecond
corresponds to 18°. So, that factor is coming to here.

So, whatever time, we will be having corresponding associated angle. So, what is being done
here, that the corresponding angle, corresponding time which you have, at which time the
corresponding phasor is being dispatched from the remote end, and with which phasor we are

comparing because this is a past phasor as compared to this phasor. So therefore, the remote

end phasor Ir is shifted by an angle of a and computed as a = tRzﬁ - 360°.
P

However, if the corresponding phasors at t 3 will be compared with at t 4 the phasor is at later
phase angle, then the corresponding tis should be shifted the other way. So, that leads to
situation in this ping pong approach, that the corresponding angle can be computed from this
time information, and, that time information relate to the channel delay time, and using that
assuming the symmetry of time delay, assuming that it computes the angle and adjust the angle
for the particular phasor of the other end.
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Synchronization of the measured value phasors by GPS

Synchronisation in the terminal current signal is done by using time stamp information or by utilizing external
GPS clock signal.

*Synchronization is independent of the characteristics of the communication medium.

Configuratien of GPS synchronous line current differential relay
* Terrestrial GPS-independent time source

The synchronization approach, which is being widely used today in technology also, modern
technology with the global positioning system, the satellite clock signals. So, we have antenna
and this antenna receive the corresponding timing from some, from the satellite, both the ends.

This is at remote end and this is local end.

So, through their GPS receiver, they receive the corresponding signal and therefore the
corresponding time is being adjusted in terms of the corresponding satellite base time. And that
gives that, the phasors are being timestamped. And therefore, at what time the corresponding

phasor is being computed, that is been transmitted to the other end.

So, this phasor will be aligned in terms of this corresponding phasor value at this end, and that
removes the corresponding channel delay to be significantly reduced in terms of that. So, there
is a better scope today to reduce the channel delay-based error and so, and gives accuracy to
be high considered for the line differential protection. Today, even more advancement is going

on in terms of terrestrial GPS-independent time sources in this domain.
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Example: Performance of Line Current Differential

Ly IkR Voltage 230kv
=g F = Line length 120km
L. 25 0.173+j0.984
Zy 0.02+j0.2867 Q/km
Internal 3-phase fault located at 60 km from bus L Z 0.08+j0.83 Q/km
X 27348 kQ-km

For 3-phase internal fault at the midpoint,

m,
230
V3 (6021+Z51)

=722 -8568kA  lop = llap + log| = 14.5KA ‘ ™

loy=lop =

Ires = o, — lagl = 0

Iy = 2pp = 2 S=011A  m=04

V3 x(X./120

lop > Ipy lop > mylyes

Performance of line differential through an example, we will see. So, this is a 3-phase internal
fault case, 230kV 120 kilometer line and these are the line parameters with source parameter
also available. So, we will talk about a percentage biased relay and then we will go to the a-
plane perspective. 3-phase internal fault at the midpoint of the line, so we have the

corresponding laL and Iar.

So, this midpoint, if you calculate 230 kV divided by V3, and then 60 kilometer into Z1 plus
the Zsi, that will be level of current, this level of current will flow from this and this, because
of the symmetry from both sides. lop will be addition of these 2 currents. And so, that leads to
in terms of this value 14.5 kilo ampere and Ires becomes equals to 0 without considering any
line charging or, assuming the line charging current to be compensated.

So, this leads to Ipy to be, let us say, assume twice of the charging current. So, these 2, twice
of the charging current, charging current will be computed like this, and that becomes equals
0.11 kilo ampere. Considering m1, this first level of slope to be 0.4, we see the lop current 14.5
kilo ampere, and that is greater than Ipu and also greater than m1lres. And that means it would
go for a trip decision. On the complex plane, we talk about lar/laL, and that becomes equals to

1, because both are same. But that this 2, a clear trip decision by the a-plane approach also.
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Example: Performance of Line Current Differential
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Default settings are considered as m,=0.4; m,=0.7 for percentage biased and
87LR=6; 87LANG=195" for the a-plane characteristics.

So, if we see this, the percentage biased in the a-plane, then that becomes equals to the
corresponding points will come here and here. So, this is restrained region, this is a trip region,
so both methods successfully identify the corresponding 3-phase internal fault, which is a
severe fault in nature in terms of that. So, for this percentage biased, we have considered the
first m to be equals to 0.4 and the m> to equals to 0.7. And then, for the a-plane, we talk about

87LR to be 6 and 87L angle to be 195° for the a-plane characteristics.
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Example: Advantages of a-plane based approach
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The trajectory moves towards the trip region of the percentage biased during
the initial hard CT saturation period, however it is inside the restraining region
of the a-plane for such situation.

For another case, same case with 3 faults, external fault with one side CT getting saturated, L
side let us say, and R side having remain intact. And the saturated CT current, blue curve shows
the secondary current of the CT secondary. Then, in that case, the nature of curve, the running



plot shows like this. In the lop versus Ires for the percentage biased case. So, it is sometimes

entering into the trip region also.

So, unless that is being blocked from the other way of identifying the CT saturation, the relay
may malfunction and trip unnecessarily even though the fault is external one. Whereas, in case
of a-plane, the corresponding point remains in the restrained region, and that is about the
strength of this one, this external fault for that perspective. So therefore, that, the advantage of

a-plane approach is clear for the CT saturation case for an external fault from this example.
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Remarks-

Advantages of current differential
* Do not require voltage information
* Not affected by zero sequence mutual induction
* Power swing
* Current reversal/series compensation

3 Phase relays+ Negative and zero sequence relays

Advantages of a-plane

+ Provides extra security for external faults during CT saturation and
synchronization error

+ Improved performance during high resistance internal fault

So, in overall, the current differential protection for line has advantages as compared to other
forms of protection, overcurrent, distance relay and so. These does not require any voltage
information. It is not affected by the zero-sequence mutual induction like the distance relay and
so. No power swing issue and so. Current reversal or series compensation challenges with

directional information and so, those are not the issues with such current differential principle.

A typical relay today is just also 3-phase, 3-phase differential relays, along with negative and
sequence relays, total 5 relaying, relay perspective in the line differential perspective.
Furthermore, we saw that a-plane approach has advantages compared to the percentage biased
approach also. It provides extra security for external fault during CT saturation and
synchronization error and so. Improved performance during high resistance internal fault case,
even though outfeed or infeed situation happens to be there. Today, relays can also provide line

charging compensation to make it more sensitive. Thank you.



