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Abstract:  The most probable line-to-ground faults in a
transmission system are possibly the least understood. The
parameters of ground fault currents are influenced by various
factors including system grounding, transformer winding type,
fault arc resistance, transmission line ground wires, source
parameters, tower footing resistance, mutual coupling, soil
resistance etc.. The issues get compounded when a double phase
to ground occur, not to mention about three phase faults with
different fault resistances in each phase.

The protection engineer has to have a clear insight into the
system and its influence on the ground fault current before
deciding on the protection scheme with performance parameters
to meet the overall system clearance requirements. This paper
lists and explains in a simple manner the most important factors
that influence the ground fault currents, the understanding of
which are essential for protection engineers while deciding,
testing and applying the type of ground fault protection in a
complex transmission or sub-transmission line system .

Index Terms—Protective relaying, distance measurement,
differential protection, substations, power system protection

I. INTRODUCTION

Numerical technology has brought about major changes in
the way protective relays are made and applied but the
underlying application principles have remained the same.
This paper highlights some of the fundamentals that govern
the system behavior as well as the most important aspects that
a protection engineer should look for when applying ground
fault protection in transmission systems.

II. GROUND FAULTS IN THE SYSTEM

Transmission system phase to ground faults are possibly
one of the maximum number of faults in power system. In
order to detect such faults and take appropriate tripping action,
an understanding of the basics that govern such faults is
essential.

The driving source behind such fault currents is of course
always the generating source, which may be simplified with
Thevenin’s equivalent source voltage and source impedance.
For all practical purposes the voltage may be assumed to be
system nominal voltage. The source impedance can be arrived
at by doing either a detailed short circuit analysis. A quick
rough estimation of the source impedance can be always made
if the source data of individual generator feeding the bus as
well as the remote end generation details and the impedance
of the lines are known.

One of the most widely applied protection system for

transmission line is the distance relay. A good understanding
of the line impedance and its estimation are very essential to
apply distance protection schemes [1].

Distance protection relays may have serious limitations
when the line lengths become too short. Pilot wire differential
protections are applied for such lines. In such a scheme, the
current information from one end of the line to the other end is
communicated for comparison with the local end current. A
decision is made if the fault is external or internal based on
both end current data.

A. Transmission Line Model:

Let us look into some of the aspects while determining the
model of a transmission line.

The flow of current in a conductor is resisted by the
material of the conductor, just as much as wind drags the
smooth flow of an automobile. The voltage necessary to drive
a current I Amperes, through a conductor of resistance R
Ohms can be written as,

VR = R.

R is the resistance of the conductor, which depends on the
material, construction and temperature of the conductor.

The above is true for instantaneous values of current and
voltages. In sinusoidal AC systems, using phasor notations,
the equation can be rewritten as,

Vy =Rl

The capitalized V and | represent the RMS magnitudes of
the corresponding sinusoidal wave shapes and there is no
phase angle difference between the two wave shapes. The
resistance of the conductor to the flow of AC current is higher
due to skin effect, which is a manifestation of magnetic flux
around the flow of current. The value R in the phasor equation
above thus represents the AC resistance of the conductor
under consideration.

In alternating power systems, there is another reason, why
current cannot flow freely in the conductor. This
phenomenon is to do with magnetic flux that builds up around
the conductor whenever there is a current flow in the
conductor. This phenomenon is based on fundamentals of
electromagnetic theory. The magnetic flux represents a form
of energy and is directly proportional to the amount of current
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flow in the conductor. This magnetic flux energy build up or
removal cannot happen instantly (one will need infinite power
to achieve such a change). Conversely current in a conductor
cannot also change instantly. The underlying equations that
encompass the above statements can be written as,

v = - Lg di/dt where

v is the instantaneous applied voltage,

i is the instantaneous current that flows through the
conductor and

L is the proportionality constant, called the self inductance
of the conductor. The value of L depends on the construction
of the conductor.

In case of alternating sinusoidal applied voltage waveform,
the current would attempt to change with the applied voltage
but possibly would never catch up with the voltage. This
results in a phase ‘lag’ of the current. The lag is 90degrees,
which we represent by the symbol ‘j°, which is representative
of square root of (-1) in a complex plane with real part along
x-axis and imaginary part along the y-axis.

The magnitude of the current would be proportional to the
applied voltage but inversely be proportional to the frequency
of alternating voltage source. A simple equation to describe
the above can be written as,

V=1LjLso

Where | is the current phasor

V is the applied voltage phasor

Lg is the self inductance of the conductor

And ® = 2..f, where f is the frequency of the applied
voltage

The factor (Ls o) is called the self inductive reactance and
is represented by,

XS = Ls (O

Thus V=j Xs. |

Rewriting current flowing in the conductor as Ig the current
flowing in self, to differentiate against other conductors that
may exist around the conductor, the equation can be rewritten
as:

Vs:j Xs. IS

In a 3 phase power system, the magnetic flux around a
conductor is decided not just by the current in individual
phase but also by the currents in the other phases. The
influencing factors would be again the type of conductor but
also the distance between the conductors. The voltage that is
induced in a conductor due to flow of current in an adjacent
conductor can be written as,

Vi =] X I

Where |, is the current in the adjoining conductor and

X is the mutual reactance, which depends on the type of
conductors used and distance between conductors.

Volage drop in A phase
= A combination of:
/ 1. Self reactance A ,
2. Mutual react of B
3. Mutual react of C

Fig. 1. Magnetic Flux linkage associated with each phase conductor in a
three phase system and conductor reactances

OUJ

Reverting to three phase power systems, as shown in
Figure-1, in a phase conductor A, assuming balanced power
flow conditions, the voltage drop across say in a mile of
conductor can be summed up as:

Vrota = RAa+Vs+V,

= R.|A+jXS IA +ijAB- IB +ijAC- IC

where,

Xumap is the mutual reactance between phase conductors A
& B,

I is the current flowing in phase B

Xmac 1s the mutual reactance between phase conductors A&

C

I¢ is the current flowing in phase C

Assuming symmetrical line construction, we can
approximate

XmaB = Xmac = X (say)
Rewriting the above equation,
VTotaI = R.|A+jXS IA +ij. IB +jXM. IC
= RIxHXs I + (X (I + 1)
Under balanced power flow conditions,
IA + IB + IC =0
IB + IC = 'IA
Substituting in the above equation,

Vrotal = Ria+jXs 14 + X (-14)
= R.|A+j IA (Xs- Xm)

In usual power flow conditions, it is obvious that the flow in
the other phase conductors actually help reduce the drop along
conductor because of the factor — Xy. Where only load flow
or stability studies are involved one does not have to concern
with individual factors like Xg or Xy as above but rather
combine them to a single term called positive sequence
impedance,

X =Xs- X

The above simplifies the overall equation to
Va=Il4 RHX))

However for engineers who concern themselves with
unbalanced power flow or fault conditions, a balanced power
flow model as above is no longer valid. In order to handle
unbalanced power flow conditions as above, typically
sequence components analysis is done. The shunt parameters
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are ignored for fault analysis. Thus only series parameters are
considered, which in a way simplifies the analysis without a
major loss of accuracy.

The sequence components are Positive, Negative and Zero
Sequence. One has to do the studies of voltage drop separately
for each sequence to put the picture back together to get an
overall picture of the system during asymmetrical
conditions[4]. Figure-2 provides a summary of how the
individual phase currents of A, B and C can be split into
different phase sequence components.

Ic +Seq| - Seq |0 Seq | Total
1A
}—»
B / \ — 5

Fig. 2. Sequence components of currents: Phase A-Ground Fault

Positive Sequence:

It is obvious that as far as positive sequence currents are
concerned, the voltage drops along the line will be still
governed by the same equation that we have considered above
for load flow condition, except instead of prefault load
currents, we would consider positive sequence component of
the fault current.

Thus we can write,

Va1 = lar jX;

Note that we have ignored the resistance part of the
equation to simplify the equation.

Negative Sequence:

Assuming symmetrical construction of the tower, the study
of current and voltage drops would be similar to the positive
sequence we did earlier, except the phase sequence is
different. In other words we can write,

Var=lax sz

Zero Sequence:

Reverting back to the voltage drop in phase A, dropping the
resistive part,

Va = jXslaotj Xm(Iso+1co)

Adding and subtracting X140 on the right side,

Vao=iXslao 7 Xm(Isot1co)

However 1 ,0=Igo=Ico
So,

V401 Xslaot2jXml a0
=lag) (Xst2X1n)

= I AOj (Xs-Xm+3 Xm)

=| AOj (XS'Xm)+3j Xmlao

:IAOjXS+2jX|nIAO

=l a0 (Xs+2X )

Writing j(Xs1+2X,)=jX, as the impedance to the flow of
zero sequence currents in the line, the above can be written
as,

Vao = lao. jXo

The above makes a basic assumption that there no adjoining
return ground conductors. However in practice ground
conductors do exist and they modify the above equation
depending on how far they are from the line conductors as
well as the ground return path.

During single phase fault conditions, ignoring prefault load
conditions,

a3 =la1=laz= lao
The constituent voltage of V, can be split into sequence
components, indicated in Figure 3.
Va =Vair+Va+ Vy
VAl

” Positive Sequence

\ C
>

C B
VA2
A <
Negative Sequence B
A
B > A
c C
VAO
N
Zero Sequence
A L],
Y o 5.0 o W \,"\Y
B T M MWW B
C = c

Fig.3. Equivalent Line drop voltages: Phase A-Ground Fault

= har J Xo+1a. J X+ 140 ] Xo

= 1a/3{(0X Xt Xo}

Adding subtracting jX; in the right side of the equation

:IA/3 (jX|+jX|+jX1-jX1+jX0)

= IAjX1+ IAJ (X()-Xl)/3

=l,j(Xj+Xn) where Xy = (X¢-X;)/3 is the additional
impedance and voltage drop caused in the line purely due to
zero sequence current flow. If we break the above equation
once more, we will realize that it is same as the mutual
coupling in the line across the phases.

The above equations oversimplified the line equivalent
impedances, ignoring the resistive portions. In real world
applications, there is always a resistive portion associated
along with the reactance of the line impedances. Thus,

VA = IA Z]“F IA (Z()-Zl)/3

=l Z1+ 15 (Z0-2))/3

where Z is a complex number in R+jX form
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The impedance

(Zy-2Z,)/3 is often represented as Zy in a simplified notation.
In other words,

VA = IA (Z|+ ZN)

The impedance Z;+Zy is the loop impedance Ze
representing the relationship between the faulted phase
voltage and current, as shown in Figure-4.

Ze= (Zl+ Zz + ZQ)/3 = Z]"" ZN

X 20,21
Z1

ZN =(Z0-Z1)/3

w.Ze= (Z1+72+70)/3

R

Fig4. Loop Impedance of Transmission Line: Single Phase-Ground Fault

In actual power system overhead lines with resistive
elements contributing to the above impedance parameters, the
earth fault return path might cause additional resistance to
zero sequence elements. Hence Z0 phase angle is usually
much less that of Z1. Figure-5 is how a conventional static
relay can be designed with replica impedances built within the
relay, allowing the individual phase currents to flow through
to develop necessary replica voltages for a single phase to

ground fault simulation.

VA = 1A {(Z1)+ (Z0-Z1)/3} = IA [3* { 2Z1+Z0}
SIAL*Z1 + IA2*Z2+IA0*Z0

~ ™~
1A

~A Z0-z1
z1 3
annat Y n

1]

L

Fig5. Loop Il%pedance of Transmission Line: Single Phase-Ground Fault
- As executed within a protective relay

B. Source impedance modeling:

One important aspect to be considered in reliable tripping for
ground faults in power lines is to understand better about the
sources that feed them.

In EHV systems, the generator step up transformer is
connected in Wye with the neutral solidly grounded. When
multiple generators feed a line from nearby remote locations,
one has to draw the Thevenin’s equivalent network. Such
sources have lower impedance to the flow of ground fault

currents compared to multiphase short circuits. On the
contrary when the line of interest is fed through long lines, the
source impedance behind the bus is dominated by the line
parameters, which as we mentioned earlier have much higher
zero sequence impedance compared to positive sequence
impedance. In other words, the magnitude of fault current
during ground faults would be much lower than those during 3
phase or phase to phase faults.

To explain the case with strong generating sources feeding a
transmission line further, let us consider the equivalent
diagram of a generator with its step up transformer as
indicated in Figure-6a & 6b.

Neglecting other in-feeds from other remote generating
stations, the fault current, as shown in Figure-6a, for a 3phase
short circuit, fed by generator can be written as, ignoring all
resistance values:

If(3 Ph)= 1/(XT1+XG1”) Per Unit

Where,

XT1= Positive sequence impedance of the step up transformer
(Per Unit)

XG1 = Sub-transient impedance of the generator (Per Unit)

Single Line Diagram @ - gg & T

Equivalent Ckt

dph Fault XG1 XT1
R
If v
Positive Seguence =1Pu Rf=0
1f1=If
= 1/{XG+XT4)
XG; XT.
Megative Sequence
XGp XTp
e e
Zero Sequence

Fig. 6a. Sequence Networks of Generator and Transformer: 3Ph-G Fault

Compare the above against the case with single phase to
ground fault as in Figure-6b. The sequence networks are
connected in series in this case. Assuming the negative and
zero sequence impedances are same as positive sequence
impedances,

If(1 Ph)= 1/(X1T+2/3X1G”) Per Unit

Note that the denominator portion is much less than that in the
equation for 3phase fault condition, resulting in
proportionately more fault current.
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FARNPN
Single Line Diagram @ gg

Equivalent Ckt

SLG Fault xG1 XT1
I~
Positive Sequence V= 1Pu Rf=0
XG=XG;
XT=XT=XKTy
If1=1f2=1f0=I1/3
=1/(2XG1+3XTy)
XGz XTy

If= 32X G+3XT)

Megative Sequence

Zero Sequence

_&%N‘ r_

Fig. 6b. Sequence Networks of Generator and Transformer: 1Ph-G Fault

In addition to the magnitude, which may be of special
consideration with respect to switchgear sizing, the phase
angle of the current with respect to the voltage for close up
faults will be highly reactive. This has a telling effect on the
system X/R ratio of faults for short or medium lines taking off
generating stations, which call for special considerations with
respect CT sizing at these stations.

C. Fault resistance:

The fault resistance for ground faults depends on tower
footing resistance, ground resistance and arc resistance. While
the first two can be assessed locally, empirical formulae exist
to decide fault resistance. Lower fault currents result in higher
fault arc resistances. Usually, distance relays have to have
limited reach along the resistive direction to avoid operation
on load currents. A theoretical limit , with 115V Ph-Ph VT
secondary, SA CT secondary works out tol15/5= 13 Ohms on
the secondary side.

Ground faults with resistances above this limit have to be
tackled using ground OC protection, with either a time
delayed inverse characteristics or carrier aided directional
comparison scheme operating on POTT, or Blocking pilot
signals. This scheme logic is often integrated as part of the
ground distance protection itself.

D. Current Transformer:

One important aspect, as we briefly mentioned earlier, is that
we do a modeling of the power system in the protective relay.
CT secondary current is pushed into the model to determine
the model voltage. The outcome of this modeling, thus fully
depends on the fidelity of the CT waveform that is fed into the
model. It is known that during major system faults with high
X/R in the systems, there could be a large DC offsets with
time constants running into tens of milliseconds close to a
generating station. The CT, which is designed to translate
mainly AC waveforms, can cope with low magnitude and
short duration DC transients. A large magnitude DC offset
waveform with a long time constant would be virtually asking
the CT to translate a DC waveform. The CT does make an
attempt to sincerely reproduce the waveform for the first few

milliseconds. Soon, it reaches saturation and fails to reproduce
either the AC waveform or the DC waveform. (Figure-7)

/ldeal CT secondary current

Actual CT secondary current

[ =3 I A e Saturation.F_._._....._._._._._.

AC+DC Actual F inCT

Fig. 7. Self Polarized MHO Distance element design

Care has to be exercised while specifying CT that it shall not
reach saturation before the relay operates [4],[5]. Build up of
residual magnetism because of previous fault events could be
another reason why CTs saturate. During ground faults
however, a good amount of ground fault / arc resistance is to
be expected, resulting in lower system X/R. Hence DC
transients may not pose so much of a problem as during
multiphase faults. The probability of ground fault striking at
near zero crossing of the voltage waveforms which will result
in maximum DC transients are also much lower.

E. Voltage Transformer:

The voltage input to a distance relay is another aspect that
needs to be carefully studied. With electromagnetic VTs, the
reproduction is fairly accurate but may not be feasible for
EHV systems. When the line impedances get too short, ,
compared to the source impedance, the voltage at the line
terminal as well as the internal model voltage cannot be
ascertained with a level of confidence to take a tripping
decision. For example with a 115V VT secondary, if the
voltage at VT secondary is expected to be below 1V for a fault
at the zone-1 reach point, one might end up with more than
20% errors to take a confident decision as to whether the fault
is inside or outside. Where CCVTs are used, transients
associated with capacitive discharge of the VT secondary pose
special problems. A slightly delayed tripping is often the
result. Ferro-resonance of the CVT secondary may also cause
distorted secondary voltage unless correct loading and
necessary precautions are exercised in designing the system.

III. GROUND FAULT PROTECTION

Distance protection is by far the most common protection
applied to protect medium or long transmission line. It is often
supplemented with directional comparison ground fault
protection. Shorter lines are invariably protected with unit
type of protections such as differential protection. Segregated



Western Protective Relay Conference, Spokane, WA, October 2008 6

or non-segregated phase comparison schemes are also applied
depending on system voltage levels and criticality of the line
in the system. Main or backup or multiple main protections
are applied depending on the criticality of the line application.

a. Distance Protection:

Line distance protection is a simple procedure to check if the
fault impedance is less than the set impedance. Typically
zone-1 is set to 80% of the line impedance. The slight ‘under-
reach’ setting as above helps to account for errors in line
modeling, relay parameters settings, measurement errors
including transient errors and of course a small margin. The
zone-1 element will thus operate only for internal fault in the
line and hence is made to trip the line instantly.

A current proportional to the line current (lr) at the relaying
point is passed through a replica (Zs), thereby developing a
voltage across the replica (Vs,). A comparison is done against
the actual system voltage measured Vy (Figure-8)

If say Zge represents 80% of the line impedance taking into
account the scaling factors because of CT and PT ratios,
Vser=Zser- Ir

Vr=Zp.Ig,

where, Z, is the actual line impedance from the relaying point
up to the fault point, ignoring fault resistance.

Line

Xs

Distance
relay

Fig. 8. Power system model

The quantity S; = VR -Vgee = ZL.Ig -Ir Zs; is a phasor. To
decide if it is in tripping direction or the other is to be decided
by comparing this phasor with a ‘reference’ phasor or
‘polarizing’ phasor S,. The fault voltage itself could be
considered for this application. Hence,

82 = VR = ZL. IR

To understand the above two phasors better, let us divide them
by the phasor lg. This results in new phasors in impedance
plane, without loss of generality of phase relationship, two
new phasors as follows:

S\ =2y -Zsu

S,z = ZL.
To decide if the two phasors are in phase (0 degrees), or out of
phase (180 degrees) a mid course of 90 degrees seems to be
appropriate as a decision making point.

Drawing these two phasors on the impedance plane, we get
the following Figure- 9.

jX At set reach

Sl = Zset -Z

S,=Z

LS,-LS,= 90°
R

Fig. 9. Self Polarized MHO Distance element design

The resulting characteristics on the impedance plane is a
circle, called ‘MHO’ characteristics, which fully includes the
line set impedance but also inherently allows a fault
resistance. Any fault arc will inherently have a resistance,
especially those involving ground.

One basic assumption made in the above is that the reference
voltage Vp is always available, without which the comparison
of phases cannot happen. In case of close-in bolted faults the
VT secondary voltage in all three phases collapse to near zero
and hence cannot be depended upon. Hence the ‘polarizing’
voltage is derived as a combination of:

a. the faulted phase voltage

b. voltage from the other phases and

c. avoltage from the pre-fault (using memory) circuits
The resulting characteristics, referred as ‘cross’ polarized
Mho, has an inherently expanding characteristics, with the
source impedance behind the bus contributing to the
expansion of the Mho, as shown in Figure-10.

S, = _VA - (I * Kolo)Zser
S2=i(Ve - Ve)

Z

S

Fig. 10. Fully Cross Polarized MHO Distance element design

The characteristic has an inherent advantage. When the
source impedance high, the fault current is lower, resulting in
higher fault arc resistance. The expansion of the
characteristics is thus inherently in step with higher fault arc
resistances to ensure good resistance coverage.
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The pre fault load currents also has an effect on the polarizing
voltages, swinging the characteristics slightly about the line
angle, providing an inherent capability to reduce the effect of
the fault arc resistance being seen too much inside or outside
the characteristics, see Figure-11.

Import Export

Fig. 11. Cross Polarized MHO: Swinging with pre-fault load flow

Another advantage of such cross polarization is that, when the
fault occurs, the reference voltage remains mostly unaffected,
providing absolute directional decision making capability.

Mho characteristic is thus for the most widely used in the US
to detect ground faults, though directional Ground OC
operating on overreaching or blocking without distance is also
used in some utilities to protect the lines against ground faults.

In cases line lengths are medium and with very strong sources,
the resistive reach of the Mho characteristics without
expansion may not be sufficient to capture desired fault arc
resistance. In such cases reactance or Quad or shaped
characteristics, shown in Figure-12, may be considered in
place of Mho.

Fig. 12. Distance elements: Shaped and Quad Characteristics

The under-reaching zone-1 element, explained earlier,
operates for all faults up to about 80% of the line instantly. An
overreaching element (either Zone-2 or an independent pilot
zone) is set to see more than 100% of the line and is arranged
to trip the line after a short delay. (Figure -13)

A third element Zone-3, with a longer trip delay, provides
delayed protection with better fault arc resistance coverage as
well certain degree of backup protection for external faults.

As the line lengths increase, the reach and the general area of
the characteristics on the impedance plane also increases.
While a larger area in the R-X plane provides better fault
coverage, the downside of it is that the protection gets more
vulnerable to operate for load impedance under steady state
condition or when the load swings especially after a

disturbance. Special shaped characteristics and logic are added
in the distance scheme to block the protection from tripping
during such eventualities.

In a grid system with in-feeds from both ends, stepped
distance protection with Z1 and Z2 elements provide adequate
selectivity. In such cases, Z1 elements from both ends trip
instantly for most of the mid section faults. End zone faults
are cleared by local Zone-1 element operating instantly and
remote zone-2 element operating with a short time delay.

z2

Z1
z2

Z1

Fig. 13. Stepped distance element protection for a line

Where this delay is not permissible, either because of fault
damage or system stability issues, the zone-1 or zone-2
elements, (often with an additional ‘pilot’ zone with an
overreaching setting) can be used in conjunction with a binary
signal transmission communication scheme logic to trip out
the line for faults in the rest of the remote end of the line.

Figure-14 gives some of the basic elements that may be
considered to arrive at a pilot scheme. The local bus is
designated as L and the remote end R. The under-reaching
zone-1 elements are named as Z1L, Z1R. Similarly the over-
reaching elements are designated as Z2L, Z2R.

In Permissive Under-reaching Transfer Trip (PUTT) scheme,
the local breaker trips on operation of Z1L OR on operation of
Z1R. The signal of Z1R is transmitted from one end to the
other through communication channel. In order to avoid
operation on spurious signal receipt, ZIR is ‘AND’ed with
local Z2L instantaneous operation.

In Permissive Over-reaching Transfer Trip (POTT), the line
trips whenever both overreaching elements operate. The
information of operation of remote end overreaching element
Z2R (instantaneous signal) is transmitted to the local end
through communication channel. The under-reaching element
Z1L operates fast for the majority of the line length
independent of communication.

In Blocking scheme, the local end over-reaching element Z2L
is set to operate for the entire length of the protected. Since it
might otherwise operate for faults beyond the remote end bus,
an additional element ZRRev, looking in the reverse direction
of the remote end sends is used to ‘Block’ such an operation.
Thus on receipt of ZRRev contact signal from the remote end,
the local Z2L is prevented from operation. A small delay,‘t’ is
provided to wait for the remote end signal to arrive. The
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under-reaching Z1L continues to provide high speed tripping
for majority of the line faults.

The following simplified logic statements summarize these
three different communication schemes

Z2R Z2L

yall - >

Fig. 14. Pilot channel aided distance protection scheme

OPUTT Scheme
LEnd: Z1L + (Z2L&Z1R)

OPOTT Scheme
LEnd: ZI1L + (Z2L&Z2R)

(1Blocking Scheme
L End: ZI1L + (Z2L*t*ZRRev)

When the line impedances get too short, the values Zs and Zr
also get too small. Hence the measurement quantities V., and
Vy cannot be measured with absolute certainty. For example
with a 115V VT secondary, a measurement of 1V to take a
decision about if a fault is inside or outside a line is difficult.
When very short line applications are involved, with
SIR(Source Impedance Ratio) less than 4, it is highly
recommended to provide unit type of protections (a pilot wire
differential protection, phase comparison or other types).

The distance protection element described earlier is applicable
for single phase system. In three phase system, one such
element may be provided for each Phase-Ground fault loop.
Additional phase selection is required to ensure tripping and
indication takes place only on the concerned phase. This is
because other power system fault conditions may mislead the
measuring element to operate and trip out line. This is because
of inter-dependence between phases in a three phase system.
Hence we need to eliminate such dependencies when taking a
decision on tripping or indicating only one phase of the
system.

While a 3 pole tripping system is adequate in tightly
connected systems with many parallel paths, single phase

tripping and re-closing is a desired feature in most of the
weakly interconnected systems with long transmission lines.

Various methods exist in deciding the faulted phase including
additional Voltage/Current phase or sequence magnitudes,
angles, changes in such signals, measurement of impedance
etc. The methods vary depending on speed of operation
required. One of the requirements, for the phase to ground
element to operate is to interlock it with the presence of zero
sequence current in the system. This way the ground elements
are not expected to lead to tripping for power swings.
However abnormal swings just after a single pole tripping
may affect the operation of the distance elements unless care
is exercised in setting or in the design of the relay. Another
important and interesting case is to detect correctly double
phase to ground faults. It is proven that during such faults,
one of the ground elements would have an overreaching
tendency while the other would under reach. An optimum
solution in such cases is to allow the corresponding phase-
phase distance element to operate. One important function of
the phase selector in a distance relay is to suitably detect such
cases and allow the right element to go ahead with the tripping
decision.

In modern numerical relays, often Fourier Transformation
(FT) algorithms are used to derive the phasors. The algorithms
work best at nominal frequency. A frequency tracking
algorithm is built within the relaying model to compensate
during system frequency excursions. The operation of the
classical FT based algorithm is about a cycle. The operation
speed is enhanced using 2 or Y4 cycle algorithms with
additional logics. At the other end of the spectrum, time
domain based algorithms, which operate modeling the
conventional induction cylinder relays are also in vogue.

Special logic schemes are provided in the distance relays to
guard against Close In to Fault (CIFT) when there was no
prior system voltage to depend on for polarizing. Additional
logics are also provided to detect VT fuse failures, which will
otherwise make the distance relay trip unnecessarily.

b. Directional Comparison Ground OC
Scheme:

Irrespective of the length of the protected line, a directional
decision can always be made. This is because to decide the
direction of a fault, the phase angles of the polarizing voltage
phasor and the fault current phasor are considered, without
involving the faulted phase voltage. This makes a directional
comparison scheme with communication facility at either end
of the line an excellent choice to detect ground faults. A
major advantage is that the protection can be made highly
sensitive. The downside of it is that it is communication
dependent. A backup stage with a small delay is often
provided in case there is a failure of communication.

With respect to deciding the directionality in a directional
Ground OC functionality, there are usually two choices:



Western Protective Relay Conference, Spokane, WA, October 2008 9

1. Compare the phase angle of the zero sequence
current with i) Zero sequence voltage or ii)Zero
sequence current or iii) A combination of both. Zero
sequence voltage phasor is derived by algebraically
summing up all the three phase voltages from
respective VT secondaries. However, with a very
strong source behind the bus as with a major
generating station, for a ground fault at the end of a
long line, there may not be appreciable dip in the
voltage. This will in turn result in negligible zero
sequence voltage. In such cases, the source current
behind the bus can be used for polarizing, by
deriving the sum of the Generator transformer neutral
currents.

2. Compare the phase angle of the negative sequence
current with negative sequence voltage.

It is necessary to use the one of the above methods of
polarizations, consistently, at both ends of a line to have a
reliable scheme of directional comparison.

Since the ground OC element is inherently overreaching,
either POTT or Blocking carrier communication scheme can
be used in conjunction with distance element.

c. Unit Schemes:

As mentioned earlier, for very short line applications with SIR
of less than 4, unit type of protections are applied. Of course
there is no limitation today in applying such schemes for long
lines as well, with better communication technology available
today. Phase segregated pilot differential protection or phase
comparison scheme are applied for very critical, long or EHV
lines as a standard. One major advantage of current only
schemes is that they are totally independent of voltage
transformers, except when backup distance protection is
envisaged. They operate for minor fault currents with heavy
load outflow. They are also good candidates with faults across
phases in different circuits or with simultaneous faults at
different geographical locations. They are also independent of
power swings. One disadvantage is that they do not provide
any backup protection for faults in adjoining systems and
hence are usually provided with a backup protection to cater
to such faults.

With better communication facility, multi terminal current
differential protection [6] as shown in Figure-15 can be
effectively used to protect against faults in transmission lines
with multiple taps or terminations.

|’\’\

Communications

T 17 7 *@_

=O =0 6

Fig. 15. Multi Terminal Differential Protection scheme

IV. CONCLUSION

A good understanding of the system source as well as
protected line parameters is very essential to understand and
apply protections such as distance schemes, which are widely
applied [7] for transmission line ground fault protection
applications. Various communication schemes can be applied
along with distance and directional ground OC schemes to
have reliable and high speed ground fault protection. A good
understanding of the behavior and dynamics of CTs, VTs and
CCVTs is recommended to check out their specifications as
applying protective schemes. Some of the latest developments
in communications have resulted in multi terminal line
differential protections which can be applied for line
protections with multiple terminals and taps.
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