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Abstract -- Ground distance protection philosophies will affect
how ground distance is applied to protect transmission lines.
This paper will explore some of the common philosophies and
demonstrate under which conditions each philosophy should be
used. Some of the philosophies to be explored are resistive
ground fault coverage, the use of Quadrilateral verses Mho
characteristics, supervision and polarization techniques for
weak in-feed lines, and utilization of directional ground
overcurrent protection versus ground distance over-reaching
element protection

L INTRODUCTION

The most common types of faults on transmission lines are
phase to ground faults. It is important to remove these faults
as quickly as possible. Distance protection has long been
employed as the primary protection of transmission lines and
ground distance protection can be used to protect for ground
faults. Distance protection is achieved by using comparators
to achieve an operational characteristic. A classic mho
characteristic is shown in figure one below and the basic
operate quantity for the comparator to achieve this
characteristic is shown in equation one.

Figure One: Basic Mho Characteristic

I xZ -V Equation 1

In equation one, I is the current measured at the relay
location, Z is a replica impedance at the reach point and V is
the line voltage measured at the relay location. The reach
point represents the intended reach of the element and the
element should not respond to a fault beyond the reach point.
The term 1 x Z represents the current at the relay location
times a replica impedance. At the reach point, this term IZ
should equal the voltage drop from the relay location to the
fault location. For a fault at the reach point, the voltage drop
along the line, 1Z, should equal the voltage at the relay
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location V, and the operate term in the comparator is zero.
For faults between the relay and the reach point, the term 1Z
is larger than V and the resultant vector is in the same
direction as the polarizing quantity (to be discussed later) and
causes operation of the element. For faults beyond the reach
point, the term IZ is smaller than V and the resultant vector is
in the opposite direction from the polarizing quantity and
causes restraint of the element.

A typical implementation of the basic equation IZ-V for a
ground distance element is shown in equation two below
(using A phase as an example, the other 2 phases are similar).

IaxZ+1,xKyxZ -V, Equation2

In equation two, I, is the A phase current phasor, Z is the
positive sequence reach impedance at the characteristic angle
setting, Io is the zero sequence current, K, is the zero
sequence compensating factor, defined in in section II, and
V4 is the phase A to ground voltage phasor.

The operate quantity in equation two is compared to a
polarizing quantity (to be discussed later). If the angle
between the operate quantity and the polarizing quantity are
within a setting of the comparator limit, the characteristic will
be satisfied. Polarizing quantities for a typical 100% memory
polarized directional A to ground Mho characteristic and an
A to ground Quadrilateral characteristic are shown in
equations three and four, respectfully.

V5 _IM Equation 3
(jx1,0rl,)xe’® Equation 4

In equation three, V5, 1M is the memorized value of the
positive sequence phasor of V4. In equation four, j is the
imaginary operand, used in this case to shift a value by 90
degrees, Iy is the zero sequence current phasor I, is the
negative sequence current phasor, and ® is the non-
homogeneity angle. The non-homogeneity angle is a setting
that allows the algorithm to correct for the non-homogeneity
of the zero and negative sequence networks.

To enhance security, additional comparator checks are
performed and must be satisfied before the ground distance
element will operate. These additional checks include
current supervision, direction, fault type and blinder checks
for quadrilateral characteristics.



II. ZERO SEQUENCE COMPENSATION FACTOR

The term K, in equation two is the zero sequence
compensation factor. Most ground distance elements are set
in terms of the positive sequence impedance and this factor is
meant to compensate for the inherent difference in positive
sequence impedance and zero-sequence impedance. The
voltage at the relay point, for a phase to phase fault, will be
equal to the voltage drop along the line from the relay point
to the fault. This will not be true for a ground distance
element if that element only uses the faulted phase voltage,
the faulted phase current and the positive sequence
impedance of the line. A phase to ground fault will produce
the sequence network shown in figure two below.
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Figure 2 — Sequence Network for a Phase to Ground Fault

The A phase voltage at the relay location for figure two
will be equal to the sum of V1, V2, and VO. The actual A
phase voltage at the relay is derived in equations five through
eight below.

V, =V, +V, +V, Equation5
Va=LZL + 1,20, + 1y ZLy + (V,F +V,F +V F) Eq6
V,F +V,F +V,F =0 Equation 7
Va =, +1,)ZL; + 1,ZL, Equation8

The actual phase current seen at the relay location
multiplied by the reach of the element (IZ), set in positive
sequence terms, is shown in equation nine below.

As previously mentioned, the equation 1Z-V should equal
zero for a fault at the reach of the element. When equation
nine and eight are compared, 1,Z won’t equal V, because of
the difference in the zero sequence impedance (ZL) and the
positive sequence impedance (ZL,) of the line. In order for
the ground distance element to function correctly a
compensation factor must be included in the IZ term to
compensate for the difference between the positive sequence
impedance and the zero sequence impedance.  This
compensation factor is typically referred to as KO and its

calculation will depend on the algorithm in which it is
employed. For the algorithm given in equation two, KO can
be derived by the fact that, at the reach point, IZ-V=0. This
derivation is shown in equations ten through thirteen below.
IaxZ+1,xKyxZ =V, Equation 10

Va
A,
z .

Ko = I Equation 11

0
(I + Iz)ill:1 +1oZL, S+l 1)
Ko = L Eq. 12
lo

Ko :E—l Equation 13

ZL1

The benefit of the zero sequence compensation factor can
be seen in the oscillography of figure three. In this diagram
the secondary A phase current is 7.2033 at -69.54 degrees
and the A phase voltage is 23.087 at 0 degrees. The element
has a reach of 3.25 ohms at 85 degrees, a KO factor of 1.76 at
an angle of 3 degrees and a comparator limit of 90 degrees
with a MHO characteristic. If the =zero sequence
compensation is removed from equation two, the analysis of
the I1Z-V operand is shown in equation fourteen.
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The value of 6.26 at 94.7 degrees in equation fourteen
would be compared against the polarizing quantity of the
memorized pre-fault positive sequence voltage referenced to
A phase. This memorized polarizing voltage has an angle
very close to zero degrees. Since the IZ-V term has an angle
difference from the polarizing voltage greater than the
comparator limit angle of ninety degrees, the element would
not operate. The IZ-V operand is evaluated with the KO
term, for the event of figure three, in equation fifteen and
sixteen below.

IaxZ+1gxKyxZ =V,
Equation15
(7.2£4 —69.54% 3.25/85)+ (5.54 - 83x1.76/3) — 23.0940 = 3.47£ - 70.
Equation 16

In equation sixteen, the value of 3.47 at an angle of -70
degrees would again be compared to the polarizing signal of
the memorized positive sequence voltage referenced to A
phase. The polarizing voltage would have an angle very
close to zero and the difference between this angle and the
[Z-V angle would be -70 degrees. Since the difference in 1Z-
V and the polarizing quantity is less than the comparator limit
angle of 90 degrees, the element would operate.

The determination of the zero sequence compensation
factor and how it is used in the algorithm is important when
testing the relay. Many protective relay test sets will
calculate the values of fault current to determine the operate
characteristic and apply them to the relay based on entering
the element settings. Most of these test set tools will require
an entry of a KO and phase compensation angle. In order to
use this automated test routine, it is important to know how
the relay is applying zero sequence compensation versus how
the test set tool is applying it. As an example, many relays
use an alternate form of 1Z-V for ground distance shown in
equation seventeen. Here KO is equal to Z0/Z1 rather than
the previous term of Z0/Z1-1. Additionally, the relay test set
may use an entirely different calculation of KO. A KO value
from a typical test set software is shown in equation eighteen
below. From equation eighteen, since the relay KO and test
set KO are different, it is obvious that the relay KO will have
to be converted to the test set KO value to properly test the
element characteristic.

(Ia—=19)Z+1yxKyxZ, -V, Equation 17
z0-1z1
KO:1+3—

Equation 18[5]
z1

III. POLARIZING QUANTITIES

A distance element could have one of several different
polarizing quantities. In the preceding examples the positive
sequence voltage referenced to the phase voltage was used.
The most important feature of the polarizing quantity is that

the pre-fault phase angle of the polarizing quantity be the
same as the restraint voltage used in the operate signal. It is
also desirable that the magnitude of the polarizing voltage be
large enough for the element to operate in the steady state
when the faulted phase voltage is zero. In order to insure that
the polarizing signal is large enough to operate during faults,
most relays incorporate a memory action by the relay. The
memory or memorized voltage is a voltage that has been
memorized prior to the fault and has a duration that will
depend on the relay algorithm. Some relay designs use cross
polarization or healthy phase polarization and these designs
do not need memory action for phase to ground elements. It
should be noted that for three phase faults that memory action
is required because all three phase voltages will collapse.

One of the effects of memory action is to create dynamic
response of the element. This dynamic response will be very
different from the steady state characteristic. The dynamic
response will be the initial characteristic and the steady state
will be the classical mho characteristic that passes through
the origin. The effect of the dynamic characteristic can be
seen in figure four below. There will also be a variable
characteristic due to healthy phase polarization. The variable
characteristic varies by the polarization method, the fault type
and the power system. The variable characteristic does not
vary with time.

Steady
State

Dynamic

Figure Four

In figure four the dynamic characteristic is larger due to
the effect of the source impedance behind the relay location.
After the memory duration expires, the element reverts back
to the steady state characteristic using actual voltage. In
figure four a large portion of the dynamic characteristic is
below the resistive axis. Even though the characteristic is
below the resistive axis, the element is still directionalized by
other comparators and a forward element will not miss-
operate for a fault behind the relay location.

The size of the variable characteristic is related to the type
of polarization voltage used. The variable characteristic will
be in effect after memory and the dynamic characteristic have
expired. Figure five is a plot of the dynamic and variable

Characteristic



characteristics of four choices of ground distance units.
These polarization methods are: faulted phase voltage with
memory, quadrature voltage rotated by 90 degrees with
memory, phase voltage to the midpoint of the quadrature
voltage, and positive sequence voltage referenced to phase
voltage with memory.
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Figure Five

As can be seen in figure five the dynamic response of each
element is the same, the variable characteristic is different
with each of the elements. The quadrature characteristic has
the same coverage as the dynamic response so memory is not
necessary for the quadrature characteristic. The quadrature
characteristic uses the opposite phase to phase voltage rotated
by ninety degrees (BC voltage rotated 90 degrees for A
phase) and since these voltages are healthy during a fault, it
maintains the same basic characteristic as the dynamic. The
positive sequence voltage polarization provides the next
largest characteristic while the faulted phase provides a
characteristic that is equivalent to the steady state.

IV. FAULT-IMPEDANCE

Arc impedance for phase to phase faults will typically be
equal to five percent of the driven phase voltage. This arc
appears to be entirely resistive and the resistance varies
inversely with the total current through the arc. This is very
different from the arc-impedance of a single phase to ground
fault which will have a resistive impedance associated with
the ground return path. The ground return path will include
tower resistance, but for mid-span faults, such as a fire or a
tree, there could be a large resistive component in the fault.
As the current through this fault increases, so will the voltage
across this fault resistance. This will have the effect of
shifting the apparent impedance of the fault as shown in
figure six.

Sequence

Figure Six

As seen in figure four, the fault resistance will be purely
resistive but the amount of load flow and the direction of load
flow will have the effect of making the fault resistance to
appear, to the distance element, to have a reactive component
[1]. When the fault is feed from both ends of the line, the
additional fault current from the opposite end of the line will
have a significant effect on the apparent impedance because
the current through the arc will be greater than the current at
the relay location. This larger current causes the resistance to
appear larger than it actually is by the ratio of fault current to
relay current. The more current that flows into the fault from
the opposite end, the larger the fault looks at the local end.

The effect of fault resistance can cause a ground distance
element to under-reach. In the 1Z-V equation, the V term
will be higher because of the fault resistance causing the 1Z-
V term to be in the opposite direction of the polarizing term.
This can be seen on an impedance diagram in figure five
below. Figure seven shows an apparent impedance from a
fault resistance with the fault at slightly less than the reach
point. This fault impedance would cause the mho element as
well as the quadrilateral element to under-reach.

Quadrilateral
Characteristics
Apparent
Impedance
Z
Mh:
Chracteristic

Figure Seven

For the fault in figure five, both the mho element as well as
the quadrilateral element both under-reach. The quadrilateral
element does provide better coverage for resistive fault



impedance than the mho element because of its unique shape.
In fact, the quadrilateral element can be shaped to a larger
degree than the mho element which can allow the
quadrilateral element to cover these types of faults. In figure
six, the same quadrilateral element is used except this
element has a larger setting for the right blinder. The
blinders are set in resistive ohms and define the left and right
edges of the quadrilateral element. By setting the right
blinder to a higher value, a larger degree of resistive fault
coverage can be achieved. The quadrilateral characteristic in
figure eight has also been shaped to notch out a section along
the resistive axis. This is accomplished by setting the
directional comparator line to 60 degrees rather than 90
degrees. This has the effect of placing a 60 degree window
on the relay characteristic that is considered in the forward
direction. Since the characteristic of the load current will
appear to be mainly resistive, this notched out section will
provide better load-ability of the line, allowing a larger load
on the line before the load characteristic enters the operate
characteristic of the quadrilateral element.

X
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Imgedance
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Figure Eight

Although the quadrilateral characteristic provides better
fault coverage, care must be taken in the blinder reach
settings to insure that the load characteristic does not infringe
on the operate characteristic of the element. In some heavily
loaded lines, the quadrilateral element can be notched as
shown in figure eight, but large blinder settings can magnify
small errors in the calculation of I to create large errors in
the characteristic. This is demonstrated in figure nine below.
In figure nine, the solid lines represent the intended
characteristic of the element. Small errors in the angle of the
calculated Iy, which could be caused by instrument
transformer error, will distort the characteristic as shown with
the dotted line in figure nine. As the blinder resistive reach
setting is increased, Iy angle error will translate into a larger
distortion of the characteristic. This distortion could cause
the element to restrain for a resistive in zone fault, which is
the very fault that the large resistive reach setting was meant
to cover. In practice the blinder should be set so that the

resistive reach of the quadrilateral element should not be
greater than four times the reactive reach of the element.
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Figure Nine

In the previous discussion the effect of load flow on the
characteristic has been omitted. In reality, the amount of load
flow will not only affect the apparent impedance of the fault
but will also affect the dynamic response of the element. In
the preceding section, the memorized or dynamic response of
the relay was shown to a have a larger characteristic
dependent on the source behind the element. This dynamic
response is also affected by the direction of load flow. In
figure ten below this dynamic response is shifted based on
the direction of load flow. The characteristic shifts in same
direction of the fault resistance. This gives the element the
ability to neither under-reach nor over-reach for out of zone
faults. For internal faults the shift gives the element better
sensitivity for resistive faults. This, however, does not
completely resolve the issue of under-reaching for highly
resistive faults as the resistive component may still move the
apparent impedance out of the characteristic.

Load From Relay
Bus

Load Into Relay Bus

Figure Ten

Reactance and quadrilateral functions can also be affected
by load flow. The performance of a phase-current polarized
and negative sequence polarized reactance element of a
quadrilateral characteristic is shown in figure eleven
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In figure eleven the phase-current polarized function can
over-reach. This over-reach comes about because the fault
current is shifted with respect to the phase current which is
being used to polarize the function.

The response of the negative sequence polarized function
is also shown in eleven. The negative sequence polarized
function shifts in the same direction as the fault resistance
and that there is no tendency to over-reach. If the system is
non-homogeneous, the negative sequence fault current will
be shifted relative to the total fault current. This will give the
element a tendancy to over-reach or under-reach depending
on the impedance relationship. This shift in fault resistance
is not as large as the shift due to load and can be designed out
of the algorithm by accounting for the non-homogeneity
angle as in equation four.

Equation four gives a choice of negative sequence
polarization or zero sequence polarization. The choice of the
two options will depend on whether the zero sequence or the
negative sequence current most closely approximate the fault
current.

The choice of polarizing can be calculated with help from
equations nineteen and twenty below, given the system
shown below in figure twelve.
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Figure Twelve

Negative or Zero Sequence Current Polarized

Zop+ 2o + 248
Zp+(1-d)Z,,

I
0, = angle(—F—) = angle(
0_Relay
Equation 19

)

0, = angle(I—F) = angle( ZatZ, *2p )
ZlB +(1_d)ZIL

2 _Relay
Equation twenty

If the absolute value of the zero sequence angle is less than
the absolute value of the negative sequence angle from the
calculation above, then the zero sequence network is more
homogeneous and should be selected for the polarizing
signal.

There will be limits to the ability of the quadrilateral to
provide resistive fault coverage. In some cases, with large
resistive faults like trees growing into the line or fires, it may
be impossible to properly set a distance function to see these
faults. If these faults are likely, then a directional ground
overcurrent should be used to protect for these conditions

V. FAULT TYPE SELECTION

It is known that ground distance elements may have
limited accuracy during line-to-line-to-ground (LLG) faults.
A double line to ground fault (e.g. BCG) with fault resistance
could cause the leading phase ground distance element (e.g.
BG loop) overreaching [6].

This can be illustrated with the following example as
shown in Figure thirteen, where source ES is a weak source
and source ER is a strong source. Note that all the
impedance parameters shown in figure eight are in primary
ohms. PT ratio of 2000:1 and CT ratio of 500:1 have been
used in this example for converting to secondary ohms.

230 kv 230 kV

ZL1=40@80° Ohms
210=120@80° Ohms

ZR1=4@80° Ohms
ZR0=4@80° Ohms

751=120@80° Ohms
250=360@80" Ohms

BCG ER=230kV@-30°

— 0
ES=230kV@0' 0.5 Ohms

Figure Thirteen

In this example, a BCG fault with 0.5 ohms fault resistance
occurred at the remote bus. The apparent impedance (steady
state) in secondary ohms measured at relay 1 for phase
distance element and ground distance element are plotted in
figure fourteen and figure fifteen respectively.

It can be seen that the phase distance element of BC loop
can measure the apparent impedance accurately
(ZBC=10£80° ohms secondary) without any overreach
issues, however, the ground distance element of BG loop (i.e.
the leading phase of this BCG fault) has caused zone 1 (set at
80% of the line length) overreaching.
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In order to prevent mal-operation in such cases the ground
elements must be blocked during such LLG faults, which is
typically realized through phase selector.

One of phase selector implementations is comparing zero
sequence and negative sequence current phase angle. The
angle relationship between I2F and IOF for different fault
types should maintain the following relationship [3].
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Figure Sixteen

From figure sixteen, it can be seen that the ground
distance element of BG loop would expect 12 lags 10 by
approximately 120 degrees (may allow +/- 50 degrees
tolerance). However, for this particular BCG fault, 12 is
actually lagging 10 only by 19.3 degrees as shown in figure
twelve, so the phase selector won’t give permission to the
BG loop ground distance element. As a result, with the

phase selection supervision, the ground distance
overreaching issue on LLG faults can be avoided.

11_Angle = - 64.2 Deg.
12_Angle = 64.8 Deg.
10_Angle = 84.1 Deg.

-0.3 -[].I2 -[J.I1 [] [J.I1 []_I2
Figure Seventeen
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VIIL. MUTUALLY COUPLED LINES

When two transmission lines are in parallel on the same
right of way, fault current in one line may induce voltages in
the parallel line. This will cause a separate mutually coupled
impedance of the line. Typically, the positive and negative
sequence component of the mutual coupling is about one-
twelfth the value of self-impedance and can be ignored. The
zero-sequence impedance can be two-thirds of the zero-
sequence self-impedance [4] and can significantly affect the
element performance. Depending on the system conditions
the mutual inductance can cause the apparent impedance to
appear either larger, or smaller, making the element either
under-reach or over-reach.

The most extreme case of mutual coupling is when the
parallel line is de-energized and grounded. This will make
the apparent impedance in the energized line look less and
will cause the distance element to over-reach. The distance
element will also over-reach if the zero-sequence current in
the two lines flows in opposite directions. The relay will
under-reach when the fault current in the two parallel lines
flow in the same direction. The over-reaching issue of
mutually coupled lines is troublesome for under-reaching
instantaneous elements because it could cause this element to
over-reach the adjacent bus and over-trip for out of zone
faults. One approach to resolving this issue is to set the
under-reaching distance element to a smaller portion of the
line so that, with the most over-reaching condition of mutual
coupling, the under-reaching distance element will not over-
reach the adjacent bus. If pilot-protection is applied, these
faults can still be quickly cleared because the fault will still
be inside the reach of the over-reaching, keying distance
element.

Under-reaching caused by mutual coupling can be a
problem for the over-reaching zone distance element as back-
up protection or for pilot schemes. In these cases, the over-
reaching distance element should be set so that it reaches the
remote bus with some margin for the mutual coupled
impedance.



The amount of over-reach or under-reach can be calculated
by equation twenty below [6].

%0verreach = 2+ 1(20=2) x100
ILZI + Io(zo _Zl)_ I'o ZOM
Equation 20

In equation twenty, I’y is the current flowing into the fault
and Zgy is the mutual inductance of the two lines. Equation
twenty can be used to calculate the percentage of over-reach
and then adjust the settings to accommodate either the under-
reach or over-reach as previously discussed.

It is also possible to compensate the 1Z-V term in the
distance comparator to remove the effects of the mutually
coupled impedance. To do this, equation two takes the new
form of equation twenty-two. In equation twenty-two, the
replica impedance and mutually coupled zero sequence
compensation factor are multiplied by the residual ground
current in the parallel line. This effectively compensated the
1Z-V term to remove the effects of the mutual coupling and
remove the problems associated with mutual coupling over-
reaching or under-reaching.

IAZ+(1gxKg)Z+(lg xKgym )Z =V, Equation 22

In equation twenty-two, KOM=Z0M/ZL1; ZOM is the line zero
sequence mutual impedance. Equation twenty-two can reduce
the effects of mutual coupling, but poses several problems
associated with the measurement of IG from the parallel line.
The first of these drawbacks is the case where the lines are
parallel for a portion but not all of their length and terminate
in separate substations. In this case, it is not possible to
measure the residual ground current in the parallel line if the
line does not terminate in the local substation. Additionally,
measuring the ground current is impossible if the line is de-
energized and grounded at both ends. This is in fact the
worst case for mutual coupling and makes it impossible to
measure the ground current since the grounding point is
beyond the current transformer locations. Mutual coupling
compensation can also cause the distance element to lose
directionality for a close in fault on the parallel line. In this
case, the IG term may overpower the actual line current and
cause the ground distance relay to operate for a reverse fault.

Since mutual coupling can be highly dependent on system
conditions, it may be advantageous to use a combination of
all of the techniques mentioned above in different relay
settings groups with the active group selected by the current
system conditions.

VIIIL.

Current supervision provides an extra comparator for more
security for ground distance elements. Typical supervision is
accomplished with the neutral current (31y). This gives the
extra security because the neutral current must be greater
than a set value before the distance element can operate.

CURRENT SUPERVISION LEVEL AND WEAK IN-FEED

Dependability is insured by setting the level of the current
supervision to less than the 31, for an end of zone fault.
When setting the current supervision element, it is also
necessary to set it greater than three times the current cut-off
level of the protective relay. The current cut-off level is the
minimum current level that the protective relay will calculate.
Everything below the current cut-off will be called zero by
the protective relay. If the current supervision setting is not
set greater than three times the cut-off level, misoperation is
possible because ground distance elements are using zero
values because of the low level. Setting the current
supervision to a high enough level to prevent operation for
these low values gives security.

On systems with weak in-feed conditions, it may not
always be possible to set the current supervision below the
minimum expected 31, value for an end of zone fault and still
be above three times the current cut-off value. This can
cause miss-operation of ground distance elements by
spurious neutral current during switch-off transients, three-
phase faults, and phase-to-phase faults, as shown in figure
eight below:
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Figure Eighteen

Figure eighteen comes from an oscillography shot of a
mis-operation of a zone 1 ground distance element for a
remote out of zone fault. Even though the apparent
impedance was outside of the reach setting, the ground
distance element miss-operated. In this case, the weak in-
feed condition of the line required that a minimum setting be
used for the current supervisor and the relay used a
quadrilateral characteristic that used the comparator shown in
equation twenty-three below:

IaxZ+1yxKyxZ -V, Compared with jx |
Equation 23

The actual value of I, was 0.08 amps secondary which was
less than the current cut-off value of 0.1 amps secondary.
Since the value of 10 was less than the cut-off setting, the
angle of I in the expression j x Ip was set to zero. Since the



value of 1, was relatively low, the first term was dominated
by —V, and was very close to 180 degrees. The comparator
term (j x Iy) would have been 90 degrees and the comparator
limit was set at 90 degrees. Misoperation occurred because
the zero values of 10 caused the comparators to be satisfied.
Current supervision is an additional comparator that was
available in this element requiring the three times zero-
sequence current to be greater than a setting before operation
is allowed. The current supervision setting was set to 0.230
amps secondary and since this was less than three times the I,
current, (Ix=3*0.08=0.240), the current supervision
comparator was also satisfied, allowing misoperation.

Traditionally, the mis-operation in this instance would be
prevented by setting current supervision high enough to
prevent misoperation. In this instance, due to the weak in-
feed, the current supervision could not be set high enough to
prevent operation. To prevent any future erroneous
operations, a different supervision algorithm was used that
incorporated a percentage of the positive sequence current.
The new current supervision algorithm took the form of
equation twenty-four below.

3x1,—0.05x1,| Equation 24

In this operation, the positive sequence current was 0.29
amps secondary. The operate value is shown in equation
twenty-two below and is less than the current supervision
setting of 0.230 amps secondary.

3x0.08-0.05x0.29 =0.226 Amps Equation 25

Since the value calculated in equation twenty-five is less
than the current supervision setting, the extra positive
sequence restraint in the new current supervision algorithm
would have prevented the operation.

Ground distance elements can also miss-operate due to the
effect of a remote fault where a breaker either opens single
pole or mechanically miss-operates and opens one pole much
slower than the others. This will create zero sequence current
with depressed voltages and can cause the ground elements to
operate. Current supervision is required in these canses to
prevent misoperation and should be set above the zero
sequence current seen by the single pole operation.

Current supervision should typically prevent the type of
problems discussed above. Great care should be taken when
setting current supervision at minimum setting of the relay.
Typically the current supervision should be set just below
minimum expected fault current.

TRANSIENT OVER-REACH

When a fault is first struck on a transmission system there is
an initial DC offset of the sinusoidal current waveform. The
magnitude of the offset is dependent on the point of the wave
that the fault is struck and the duration of the offset is
dependent on the X/R ratio of the system. The result of this
offset causes the relay to see an apparent impedance that is

smaller than the actual fault impedance and over-reach its
setting. This is typically not an issue with zone two or zone
three over-reaching elements since these elements are set
with a time delay. The time delay on these over-reaches
element will typically be longer than the duration of the DC
offset preventing these elements from miss-operation.
Under-reaching zone one elements can be affected because
they typically don’t have a time delay associated with the
element. To prevent the over-reaching the adjacent bus, the
instantaneous zone one elements should be set with enough
margin that they don’t over-reach for the transient conditions.

IX. CONCLUSIONS

Ground distance protection offers several unique
challenges. The first key to meeting these challenges is
understanding the phenomenon that create problems like arc
resistance, weak in-feed conditions, and mutual coupling.
The second key in meeting the challenges is to understand
the algorithms that modern microprocessor based relays
employ to solve these problems. In doing so, ground
distance protection can be employed with dependability and
security for transmission lines.
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