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1. Abstract
This paper starts with the derivation of the ground distance relay formulas for
different compensation factors. It then describes zero-sequence mutual coupling
phenomena using an actual DFR record to illustrate mutual coupling induced zero
sequence voltage in one circuit as a result of zero sequence current flow in another
circuit. It also illustrates how the phenomena can cause the ground distance relay to
either overreach or underreach depending on the relative directions of current flows in
the mutually coupled lines. The paper provides an analysis of how the reach of a
ground distance relay is influenced on mutually coupled lines if one of the lines is out
for maintenance with three-phase ground chains applied at both ends.. The modeling
of this maintenance condition in short circuit study simulations is described for the
first time. Mitigation of effects of zero sequence mutual coupling phenomena on the
measured impedance by ground distance relays is also covered. The recommended
approach reveals a step by step calculation approach to cope with the effect of zero
sequence mutual coupling on the setting of ground distance relaying. It also describes
an actual example for the application of relays for the protection of an EHV 345 KV
transmission system. It then concludes that the best solution is through the correct
setting of the relay based on an understanding of the phenomena and by the
simulation via short circuit studies of all relevant system outage conditions. This
solution is recommended instead of attempting to hardwire current transformers from
un-faulted lines to the protected line CT circuit.

2. Derivation of ground distance relay formula

Assume a phase a-to-ground fault occurred at location F at the end of the line for the
system shown in Figure 1. Ignoring the effects of mutual coupling and fault
resistance, the voltage drop across the line will be:

Vr-Ve=Lh Zi1+LZ, + ) Zy

Since Vg =0 and assuming that Vk =V,

Vag=liZi +LZ+1Zy W - (D

Where:

V.. is the faulted phase voltage at relay location and Vg is the voltage at the fault.
I, I; and I are the symmetrical components of the currents fed from the end X.
Z, ,Z, and Z, are the positive, negative and zero sequence impedances of the line.

The symmetrical component currents I; and Iy contributions from the X end of the
faulted line are functions of the positive and zero sequence distribution factors as
related to the total fault current. The values of the distribution factors can vary due to
generators or transformers being out of service. These non-controlled variations of
distribution factors result in a varying measure of apparent impedances by the relay
for the same fault point. It is certainly desirable to design ground distance relays to be
set based on the positive sequence impedance to the ground fault point. To solve this
problem, a zero sequence compensation method can be used to adjust the measured



impedance to reflect the actual positive sequence impedance. The derivation of the
correct compensation factor can be derived as follows:

Adding and subtracting Iy Z; in equation (1) and assuming that Z; = Z, yields the
following:

Vag=lhZi+LZ1+1h Zo+ 11 Z, - 1h Z,

Rearranging

Vag=(li+L+1)Z + 1 (Zo-Z1)

Substituting la=1; + I, + Iy , and factoring Z;

Vag=Zi[Ta+1o { (Zo-Z1)/ Z1 } ]

Where: 1, is the faulted phase current

Substituting Z; = Zr =Measured relay positive sequence impedance to the fault
Zt=Vag/ {la+ 1 (Zo- Z1)/ Z1 } @

For electromechanical and static ground distance relays, the neutral (or residual)
current 3y can be easily injected for impedance measurement compensation rather
than Iy. Therefore equation (2) has to be modified as follows:

Ze=Vag/ {Ia+ 3l (Zo-Z1) / 3Z, }

or Zf = Va.g / { la +Ko (3' o)} (3)

Some numerical distance relays are also designed using the same formula defined in
equation (3)

Where K, is the zero sequence compensation factor = (Z, - Z;) / 3Z,

Zy and Z, are the zero and positive sequence impedances of the protected line.
In this formula K is less than one for transmission lines having a zero sequence
impedance to positive sequence impedance ratio of less than four. In addition, for
overhead lines, having a zero sequence to positive sequence impedance ratio value of
three (3) will produce Kq value of 0.67. Zero sequence compensation using the Ko
portion of 3y will tune the ground distance relay to measure an apparent impedance
equal to the positive sequence impedance of the line to the point of the fault.

Some numerical distance relays can obtain symmetrical components for the current
during ground faults. The formula shown in (3) can be modified to reflect this
concept:

From equation (1)

Vag=lh Z1 +hZ, + 11 Zy

by assuming that Z,=7, and factoring Z; for RHS

Vag=2Z; {1 + L + 1o (Zo/Zy) }

Or Zi= Vi / {Lh+L+K% (Io)} “4)

Where K is the zero sequence compensation factor = Z, /Z;




3.

For this type of relay compensation, the value of K’ for overhead lines is greater than
one .

Other numerical relays , where the zero sequence current Iy can be calculated from the
sampled current, are designed in accordance with equation (2)

Zs=Vag/ {Ia+1o (Zo- Z1)/ Zy }
Zs=V og/ {Ia + Ko(lo)} &)

Where : K, is the zero sequence compensation factor = {(Z,/Z;) - 1}

Ko” will be greater than one for values of Z / Z, ratios greater than two.

In summary, some of the ground distance relays are designed using three different
compensation factors Ky , Ko’ and Ky as illustrated in (3), (4) and (5) above.

Description of zero sequence mutual coupling phenomena
It is very well known that current flow in a transmission line produces magnetic

fluxes in its proximity. Transmission lines are normally constructed in a common
corridor, which creates parallel transmission lines to the one being protected. Ground
fault currents are always composed of positive, negative and zero sequence
components. The positive and negative sequence currents are balanced sets and
therefore the sum of magnetic fluxes produced by them are nearly equal to zero. As a
result, the positive sequence and negative sequence mutual between transmission
lines are insignificant. However the zero sequence set of currents consist of three
equal and in phase phasors. This produces an equivalent flux, which will link adjacent
lines and produces zero sequence voltage. The zero sequence voltages and currents
are related by the zero sequence mutual impedance Zoy. The magnitude of the zero
sequence mutual impedance of two parallel lines (having the same voltage rating)
could be 40 % to 70 % of zero sequence self-impedance of the individual lines.

Figure 2, shows line L34P in an opened position after it was tripped and locked out to
clear an initial C-g fault, which was caused by phase C surge arrester failure. During
the subsequent C-g fault inside circuit breaker 2002, ground current (31) is flowing
on feeder L33P as shown in Figure 3, trace # 26. The 230 KV circuits L34P and
L33P are mutually coupled due to the sharing of the same right-of-way. As a result,
ground current (31p) flows in L33P circuit during the second fault inducing a zero
sequence voltage in the parallel L34P line. Capacitive voltage transformer at
St.Lawerence 230 KV switchyard for phases A and C (B phase is not monitored) with
line L34P opened, revealed equal and in-phase voltage components. Figure 3 traces #
49 and # 50 show the induced zero sequence voltages on phases A and C between the
ninth and the tenth cycle.

4. Effects of mutual coupling on the reach of ground distance relays

The numerators in the above equations 3,4 and 5 are the sum of positive, negative and
zero sequence voltages. Therefore during ground faults, as explained in 3 above, the
relay reach can be influenced by mutual coupling generated zero sequence voltages.
Since this mutually coupled zero-sequence voltage to the protected line cannot be



correlated to the actual fault current flow, an impedance relay measurement type
concept is affected. The impedance relay can either over-reach or under-reach
depending on the relative directions of fault currents in the parallel lines. This will be
explained in sections 5 and 6.

. Case of overreach

As shown in Figure 4, fault currents in the two paralleled lines are flowing in opposite
directions. Figure 5, shows the equivalent zero sequence mutual network. An ideal
auxiliary current transformer with a ratio of 1: 1 is assumed and added to simplify the
analysis and to study the impact of mutual coupling on the ground distance relay
reach. A line-to-ground fault is assumed near terminal Y.

The voltage seen by the ground distance relay at X is composed of positive, negative
and zero sequence components.

Vo=V, +V,+V, (6)

Original zero sequence fault current flow in line XY sets zero sequence voltage which
forces current flow on line VW (provided connections to ground exist between the
two terminals). Using an ideal transformer with a turns ratio of 1:1, the current I,
can be moved to the faulted line to study the impact on the line zero sequence voltage.

Current Iy, flows out of the auxiliary CT polarity in line VW will force the same
current to flow in polarity for line XY. This will result in current flow through Z,, to
be Ioxy - Iovw - The voltage drop can then be written as:

Voey = Toy) ( Zogy = Zom ) + (Logey) = Togwy ) Zom - === @)
=loy Zooy) = Toy Zow (®)

As indicated in equation (8), the subtracted zero-sequence voltage component due to
Zy\ will decrease the relay measured voltage in equation (6) and thus decreasing the
distance reach of the ground distance relay at X. As a result, the relay will overreach
(Z,pp < Zyenya)- For a fault located at the end of the line, the apparent impedance
measured by the relay will be smaller than the actual line impedance and it may cause
false operation of Z1. Therefore, Z1 element of the ground distance relay (if not set
properly) will react to bus faults and faults external to Z1 zone of detection.

. Case of underreach

As shown in Figure 6, fault currents in the two paralleled lines are now flowing in the
same direction. Figure 7, shows the equivalent zero sequence mutual network. An
ideal auxiliary current transformer with a ratio of 1: 1 is assumed and added to
simplify the analysis and to study the impact of mutual coupling on the ground
distance relay reach. A line-to-ground fault is assumed near terminal Y.

The voltage seen by the ground distance relay is composed of positive, negative and
Zero sequence components.
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Original zero sequence fault current flow in line XY sets zero sequence voltage which
forces current flow on line VW (provided connections to ground exist between the
two terminals). Using an ideal transformer with a turns ratio of 1:1, the current Iy,
can be moved to the faulted line to study the impact on the line zero sequence voltage.
The voltage drop can then be written as:

Voo = Togy) (Zogyy = Zow ) + (Togyy + Togewy ) Zoms === €))
=lowy Zogyy + loowy Zow - (10)

As indicated in equation (10), the added voltage component due to Z,, will increase
the zero sequence voltage at the relay location and hence increases the apparent reach
of the ground distance relay at X. This increase in the relay reach will cause the relay
to underreach (Z,zent > Zoena )- For faults at the balance point of Z1, the apparent
impedance will be greater than the setting value and may cause no relay operation for
this fault. Therefore, the relay will not cover part of the relay protection zone near the

balance point. In this case of relay underreach the system is being under protected.

Modification of ground distance relay reach formula due to mutual coupling
effects

When two or more lines are in parallel on the same right-of-way, ground fault current
in one line may induce zero sequence voltages in the parallel line or lines. As shown
in Figure 8, for a fault at F, the reach for the ground distance relay at substation X
protecting line L1 with the presence of mutual coupling between lines L1 and L2 can
be obtained as follows:

Ignoring effects of fault resistance and assuming that the current flows on the two
paralleled lines are in the same directions, the faulted phase voltage at the relay
location with mutual coupling effect can be written as:

Ve =L Z+ L, Z,+ [, 2+ 1y Zoy
Where : I is the current flowing in the un-faulted parallel line L2
Z,\ is the mutual coupling zero sequence impedance between L1 and L2
Adding and subtracting I, Z,
Ve =L Z + L Z,+ [, Zy+ 1) Zoy 1, Z - 1, Z,
V= (L+L+1L)Z + 1, (Zy-Z,) + 1) Zgy
Vo= LZ,+ 1, (Zy-Z,) + 1) Zyy (11)

The quantity I,'Z,,, modifies the reach of the ground distance relay . In this example it
causes the relay to underreach.

It can be concluded that, depending on the power system configuration in the vicinity
of the ground distance relay location, the presence of mutual induced voltages will
cause the relay to measure an apparent impedance that is greater or smaller than the
actual impedance to the fault.



8. Assessment of impact of mutual coupling phenomena on ground distance
relaying overreach

For the system shown in Figure 4, the following can then represent the percent change
in overreach for ground distance relays at X, when mutual compensation is not
employed:

Percent over-reach= 100 [ 1 - {I, Z, +1, (Zy-Z)) - I'y Zopy } / {1, Z, H1(Z-Z,)}]
Where:

1, is the zero sequence current flowing in line L2

Z i 1s the zero sequence mutual coupling impedance between L1 and L2

9. System configurations leading to the existence of mutual coupling phenomena

9.1 Full sharing of right-of-way between lines (transmission corridor)

As shown in Figure 8, full sharing can occur when the two transmission lines L1 and
L2 terminate at both ends, in common substations. In this configuration, it is possible
to gain access to the adjacent line zero sequence current to introduce it (if required)
for compensation for the line that is affected by its presence.

9.2 Partial sharing between transmission lines

As shown in Figure 9, consider a transmission line L1 from substation X to substation
Y. Assume line L2 from substation X runs parallel with line L1 for a considerable
distance and then branching off to terminate at substation Z. It is not possible to
compensate ground distance relays at either substation Y or Z (if required) for zero
sequence mutual between the two lines.

10. Analysis of effects of line-out-of-service with 3-phase ground chain applied at
both ends, on the reach of a ground distance relay applied on mutually coupled
lines

The application of three-phase grounding chains at both ends of a transmission line
after its removal from service is required for the safety of field personnel. As shown
in Figure 10, an occurrence of ground faults on the system where zero sequence
current I; flow on line L1 will induce zero sequence voltage V' on line L2 due to
mutual coupling Z,, between lines L1 and L2. At substation Y, for a fault at F on
line L1, an induced zero sequence voltage will occur on line L2 due to mutual
coupling effect. This voltage will force zero sequence current flow in the L2 loop
through ground at both ends of the line. The current will be:

L=(LZw )/Z/

The currents in lines L1 and L2 during the fault will be in opposite directions. The
zero sequence current I’ flow in line L2 will induce zero sequence voltage in line
L1. This voltage will be:

Vou= {o Zom ) /2y }x Zopyy =1 Z20M 1 Zy
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This voltage will be subtracted from the voltage measured at location X causing the
relay to overreach. Therefore, this maintenance condition is required to be simulated
prior to setting Z1 to prevent Z1 over-reach. The voltage measured by the relay at X:

Va—g=IaZl+IO(ZO'ZI)'IOZZOM/ZO'

This condition can only be mitigated by relay setting due to the unavailability of
access to zero sequence ground current contribution from line L2 to be added to line
L1 with a multiplier Zg,.

The percent overreach = 100 [{(1,Z,+], (Zo-Z,)) / (I, Z, + 1y (Zo -Z,) - 1y Z2 o /Z)}-1 ]
Short circuit study simulation of line out of service with grounding chains

12.

applied at both ends

As shown in Figure 11, the simulation of line L2 out of service condition can be done
by splitting the busses where L2 is terminated and forming two new busses C and D.
Line L2 is modeled in the study with its positive and zero sequence self and mutual
coupling impedance to line L1 as Z',,Z', and Z'y, respectively. The grounding at both
ends are simulated by shunt branches with a very large positive sequence impedance
of J 9999 pu and a very small zero sequence impedance of J0.0001 pu. To link the
isolated line L2 with the rest of the power system, a very high impedance across one
of the split busses is inserted with positive sequence impedance = zero sequence
impedance = J 9999 pu. Placing ground faults on the system will force induced
ground currents to flow in the L2 loop to ground and thus simulating the effects of
applying grounding chains at both ends of the line on line L1 ground distance relays

Techniques can be used with any arbitrary number of mutually coupled lines,
although mutual modeling can be very tedious and cumbersome for some short circuit
programs.

Mitigation of Mutual Coupling Effects:

Effects of zero sequence mutual coupling phenomena on the measured impedance by ground distance
relays can be corrected by one of the following methods.
12.1 Compensation of zero sequence Current from the mutually coupled

unfaulted line

For the system shown in Figure 12, it is possible to gain access to the adjacent
parallel line zero sequence current to introduce it to the relay associated with the
protected line, provided that both lines emanate from the same substation. Based
on the analysis of the overreach and underreach mutual coupling cases, it is
evident that the significance of this current in a relaying measurement varies
depending on fault locations and hence current direction. To use it correctly an
evaluation of all these cases must be done to compensate carefully for the mutual
effects. Mutual compensation can then be accomplished by injecting a portion of
the 3], current from the parallel line into the protected line relay to offset the
decrease or increase in the zero sequence component of the voltage measured by
relay. The magnitude of the compensated portion of the current is proportional to



the zero sequence mutual impedance Z,. The correct polarity connection of the
compensation current is essential and is normally based on assumed directions for
fault currents in the two parallel lines. One way of insuring correct connections is
to study the case for a ground fault in the protected line and assume that the
parallel line contribution is flowing opposite to the protected line. In this case, the
two secondary currents are flowing opposite to each other in the compensation
transformer as shown in Figure 12. As a result, the net compensated current will
be adjusted to nullify the effect of induced mutual zero sequence voltage on the
distance relay reach

To use mutual compensation, the parallel lines must terminate in the same
substations to have their current available. However, this method cannot provide
compensation for the following cases:

1.Partial sharing

This occurs when two lines run paralleled for a portion of their total length
without termination at the same substation, as shown in Figure 9. Due to
the physical separation of substations, zero sequence current cannot be
obtained from the parallel line to be used for mutual compensation.

2.0ne transmission line sharing the right-of-way with multiple line

connected either in parallel or in series

In the parallel case, it is not practical to use compensation when several
transmission lines are mutually coupled due to the sharing of the same
right-of-way thus forming a transmission corridor or when multiple
circuits (more than two) are sharing the same tower as shown in Figure 13.
The cross connections of more than one line are complex and increase the
possibility of an incorrect connection or testing mistake. In the multiple
series connection case, currents from remote sections are not available for
local connections in the compensation circuit as will be explained in the
example covered in section 13.

3. Line-out-of-service with three-phase ground chains applied at both Ends

This case is covered in section 10 where the parallel line is opened and
grounded at both ends. The zero sequence current from the parallel line is
not available for use in the compensation circuit. This is due to the
application of the grounding point away from the current transformer
location and the isolation of the line by opening the line disconnect
switches.

12.2 Factoring of mutual coupling effects in ground distance Setting Calculations
Using a short circuit study, several line-to-ground fault cases for system normal
and outage conditions can be simulated. For conventional short circuit studies a
step-by-step approach using symmetrical components can then be used to obtain
sequence voltages and currents. The sequence quantities can then be substituted in
symmetrical component equations to get faulted currents and voltages. Fault




impedance measured by the ground distance relay can then be calculated in
accordance with the applicable relay reach formula. As an example the following
formula, defined in section (2), equation (3) applicable for electromechanical,
solid state and some numerical relays will be used:

Z;= V,/{L+K, L)} 3)

Most available PC based short circuit study simulation programs provide faulted
‘phase voltages and currents and apparent impedance calculations. However, for
older conventional short circuit studies, the following simple procedure can be
used to calculate V,, I, and 3],

Since V,=V,+V,+V,

And V,=E,-1,xZ,
V,=-1,xZ,
Vo=-IxZ

Where Z,,, Z,, and Z are respectively the positive, negative and zero sequence
impedances of the power system equivalent behind the protected line at the relay
location and E; is the source voltage which is normally assumed as 1.0-pu.
Substituting V, , V, and V, produces V,

Similarly, I=1, +L, + I, (normally I, =1,)

These values and 3I,can then be substituted in equation (3) to obtain ground
distance

relay reach for any ground fault case simulation on the system.

12.3 Recommended practice to cope with the effect of mutual coupling on ground

distance reach

Compensation of mutual effects by hardwiring of current circuits from un-faulted
lines is complex and can lead to incorrect operations and testing difficulties. In
addition, as indicated in section 12.1, there are many system configurations that will
defeat the purpose of the compensation. Therefore, mitigation of effects of zero
sequence mutual coupling on ground distance relaying reach should be implemented
using relay setting calculation rather than wiring CTs from mutually coupled lines.
This recommended method requires a complete knowledge of the applied ground
distance relay reach formula and its compensation factor.

For the two paralleled line case where both lines are terminated at the same substation
with strong zero sequence contribution, the pilot element should be set with due
regard to underreach. This underreach occurs for remote system faults where the zero
sequence fault current flows are in the same direction. The case of overreach for zone
one element can occur when the current flows in the opposite direction. The optimum
cases that can simulate this condition are; parallel line out of service with grounding
chains applied at both ends, and protected line end fault.

13 Example for Application of the Recommended Procedure
Figure 14 shows the Marcy - C.Corners 345 KV transmission line (L1) which is
mutually coupled to the 345 KV transmission lines; Marcy - Edic (L2), Edic - Fraser
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14.

15.

16

(L3), and Fraser - C.Corners (L4). The L1 line is protected using phase and ground
distance relays at each end. The pilot relaying scheme used for L1 protection is a
permissive over reaching transfer trip scheme.

The ground distance relays of line L1 terminal at substation Marcy need to be set
with due consideration to zero sequence mutual coupling. The objective is to calculate
the ground distance relay settings for zone 1 (Z1) and zone 2 (Z2) for the Marcy end
of the 345 kV L1 circuit.

Description of the 345 KV EHV system
The 345 KV system is shown in Figure 15 and consists of double-circuit 345 KV
system between substations C.Corners, Marcy, Edic and Fraser for a distance of

about 135 miles. Transmission line L1 share the right of way with three other lines
L2,L3, and L4.

Description of the bulk power system protection

The 345 KV transmission line L1 is protected by dual pilot protection systems
utilizing diverse communication media. The design of the 345 KV relaying system
was done in the early eighties where microprocessor based relays were not
commercially available. Therefore, the dual relaying systems were designed based on
electromechanical and solid state distance relays. The first system is a permissive
overreaching transfer trip pilot system (POTT) using solid state distance based
relaying package applied on power line carrier communication media. The second
system is also a permissive overreaching transfer trip system utilizing
electromechanical distance based relays applied on leased telephone circuits.

Transmission line ""L1" data

Z,=0.0039+;0.0672 pu on 100 MVA basis

Z,=0.0365+j0.2465 pu on 100 MVA basis

Zye = (KV)? / MVA = (345)*/100 =1190.25 Ohms

Z;; iy = (0.0039 +j0.9672) 1190.25

Zy oy = 4.64 +379.985 = 80.12 Ohms @ 86.6°

Z oy = (0.0365 +j0.2465) 1190.25

Zy oy = 43.44 +j293.4 = 296.6 Ohms @ 81.6°

Potential transformer ratio (PT) = 3000/1

Current transformer ratio (CT) = 1500/5

Calculation of the zero sequence compensation factor K, will be done using
transmission line "L1" impedance parameters.

K= (Zy-2,)/3Z,

Electromechanical relays use a simple auto transformer to obtain the zero sequence
compensation (scalar) and hence:

K, ={ (296.6 - 80.12) /3 x 80.12 } =0.9

11



17 Calculation procedure
Using a conventional short circuit study simulation, a simple procedure can be used
to calculate V,, I, and 31, as outlined in section 12.2. These values and the K,
calculated in section 16 can then be substituted in equation 3 which is applicable to
the electromechanical and static distance relaying systems used for the protection of
line L1. Ground distance relaying reach for ground faults case simulation can then be
calculated. This procedure was applied for this example due to the unavailability of
the-state-of-the-art PC based short circuit and relay coordination programs in the
early eighties.

18 Cases studied to arrive at the optimum ground distance relay setting for relays

_at substation X protecting line L1

Eleven cases were studied. The first simulated case is for a three-phase fault at the
end of line L1. The three-phase fault positive-sequence impedance will be used as a
reference to establish the maximum and minimum relay reach errors when mutual
coupling phenomena is considered. Since line L1 shown in Figurel5, is mutually
coupled with three separate lines:L2, L3 and L4 along the transmission corridor
(right-of-way), these lines will be individually placed out of service when a phase-to-
ground remote bus fault is simulated at C.Corners substation. System normal and
line-end faults are also simulated. In addition, some double contingency cases are
used. Lines-out-of-service with grounding chain applied at both ends of the line are
also simulated.

The following cases simulating faults at C.Comners substation are studied to provide
the optimum settings for line L1 zone 1 and zone 2 ground distance relays to cope
with mutual effects

1) Three-phase fault at C.Corners substation as shown in Figure 16

2) System normal L-g fault at C.Corners substation as shown in Figure 17
3)End-of-line (stub)L-g fault at C.Corners substation as shown in Figure 18
4) Line L2 out-of-service with L-g fault at C.Corners as shown Figure 19
5) Line L3 out-of-service with L-g fault at C.Corners shown in Figure 20
6) Line L4 out-of-service with L-g fault at C.Corners substation , Figure 21
7) Lines L3 and LS5 out-of-service with L-g fault at C.Corners substation

8) Lines L2 and LS out-of-service with L-g fault at C.Corners substation

9) Lines L4 and LS5 out-of-service with L-g fault at C.Corners substation

10) Line L3 out-of-service and three-phase ground chain applied at each end
coincident with a L-g fault at C.Corners substation

11) Line L4 out-of-service and three-phase ground chain applied at each end
coincident with a L-g fault at C.Comners substation as shown in Figure 22

12



The results for fault calculations for all eleven (11) simulated short circuit study
cases are shown in Table 1..

19. Analysis of the calculation results

The three-phase fault measured impedance by phase relays during phase faults of
8.016-ohm secondary will be used as a reference representing 100 % of Z, with zero
measurement error. As shown in Table 2 the over-reach range is ( 13.8-16.8 ) % of
Zpand the under-reach range is ( 3-11.8 ) % of Z;..

20. Relay setting recommendation

21.

Zone one (Z1) for the ground distance relay should be set not to overreach for the
worse zero sequence mutual coupling effect. The maximum overreach is 16.8 %
corresponding to the line-end-fault case. The correct apparent line length for Z1
setting is therefore equal to 100 - 16.8 = 83.2 % of Z,

Z1 should be set at 80 % of the apparent line length.

Z1] setting=0.8 x 83.2 =70 % of Z;.

Zone two (Z2) for the ground distance relay should be set to cover the worse under-
reach due to mutual coupling effects. Since the element is used for tripping for POTT
scheme, it should be set with margin for the apparent line impedance.

Apparent line length = 100 % + maximum under-reach = 100 %+11.8 % =111.8 % Z.
Z2 should be set at125 % of the apparent line impedance.

Z2 setting = 125 % x 111.8 % =150 % of Z;.

Conclusion

Mitigation of effects of zero sequence mutual coupling on ground distance relaying
reach can be implemented using relay setting calculation rather than wiring CTs from
mutually coupled lines. Analysis of the power system using legitimate outages to
calculate apparent ground distance measured impedance as affected by mutual
coupling phenomena will lead to a simpler solution to mitigate the effects on the relay
reach. Complete understanding of the sequence quantities and how the applied relay
measure the ground fault impedance will lead to a secure Z1 setting and dependable
Z2 setting. Grounding of one of the line sections, when removing it from service,
using ground chains on the phases can be modeled to study the effect on the relay
reach.

Calculation procedure using all possible contingencies on the system for ground fault
simulations at the end of the protected line will produce an apparent fault impedance
range. The maximum overreach value can then be subtracted from the impedance of
the line to derive Z1 setting. The goal is to find the maximum overreach that can be
subtracted from the actual transmission line to obtain the required line length to set Z1
to cover 80 % of the new line length. This will define the correct line impedance that
will prevent the overreaching of Z1 due to zero-sequence mutual coupling
phenomena, thus enhancing the security of the relaying system.. The maximum under
reach value can then be added to the impedance of the line to derive Z2 element
setting. The Z2 element can then be set at 125 % of the new defined impedance of the
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line to be used as a permissive overreaching pilot element. This will define the correct
line impedance that will guarantee covering of the line by the pilot element during
line ground faults, thus enhancing the dependability of the protection system.

References

1)J.Lewis Blackburn, "Protective Relaying Principles and Applications" Marcel
Dekker, Inc.

2)Walter A. Elmore, " Zero Sequence Mutual Effects on Ground Distance Relays and
Fault Locators", Georgia Tech. Protective Relaying Conference, Atlanta, Georgia
April29- May 1, 1992.

3)G. E. Alexander, J. G. Andrichake, "Ground Distance Relaying" , Western
Protective Relaying Conference, Spokane, Washington, October 20, 1991.

Biography
Mohamed A. Ibrahim, received the B.S. degree in Electrical Engineering from the

University of Mansourah in Egypt in 1964 and the M.S. in Electrical Engineering
from Newark College of Engineering, Newark, New Jersey in 1973. He attended and

- completed the Power System Engineering Course at General Electric, Schenectady,
1973-1974. He completed 33 credits of post graduate work at the New Jersey Institute
of Technology. He is a registered Professional Engineer in New York State.

From 1964 to 1969, he worked as a teaching assistance at Helwan University in
Egypt. From 1970 to 1980, he worked with the American Electric Power Service
Corporation in New York where he was a Senior Engineer. He was a member of one
of the early research teams in computer relaying. In October 1980, he joined the New
York Power Authority. He is presently the Director of the system Protection and
Control Engineering Section. He participated as a visiting lecturer at the Auburn
University, the Rensselear Polytechnic Institute and Washington State University. He
is a member of the adjunct teaching staff at Polytechnic University in New York and
was recently appointed as a non-resident Professor at the University of Mnsourah,
Egypt. He is the chairman the K1 working group at the IEEE PSRC which produced a
special publication for the protection of the phase angle regulating transformers. He is
the author and co-author of twenty-two (22) technical papers in the computer relaying
and protection areas.

14



2
E_.
&

:

VR = Va—g

FIGURE 1
SIMPLIFIED SYSTEM MODEL
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FIGURE 4.

ZERO SEQUENCE CURRENT FLOWS IN OPPOSITE DIRECTIONS
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FIGURE S

EQUIVALENT CIRCUIT FOR FIGURE 4
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FIGURE 6

EQUIVALENT CIRCUIT FOR FIGURE 6
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FIGURE 8

SIMPLIFIED MODEL FOR TWO PARALLED TRANSMISSION LINES
SHARING THE SAME RIGHT OF WAY.
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SIMPLIFIED MODEL FOR PARTIAL SHARING OF
RIGHT OF WAY BETWEEN TRANSMISSION LINES
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FIGURE 10

LINE OUT OF SERVICE WITH THREE-PHASE
GROUNDING STRAPS APPLIED AT BOTH ENDS
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FIGURE 11

MODELING OF LINE—-OUT—OF—SERVICE WITH THREE PHASE
GROUNDING STRAPS APPLIED AT BOTH ENDS
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FIGURE 12
MUTUAL COUPLING COMPENSATION
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FIGURE 13 FOUR CIRCUITS ON ONE TRANSMISSION TOWER
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345KV SYSTEM IMPEDANCE DIAGRAM
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FIGURE 18
ANALYSIS OF THE WORSE OVERREACH LINE ( Li) END FAULT
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ANALYSIS OF THE WORSE UNDERREACH (L3 OUT)
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FIGURE 21
L—g FAULT AT C. CORNERS WITH "L4" OUT
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FIGURE 22
L—g FAULT AT C—CORNERS WITH "L4" OUT AND GROUND
CHAINS APPLIED AT BOTH ENDS OF "L4”
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Table 1 - Calculation of Apparent Impedances

Phase-g fault at C.Corners substation
with the following system conditions:

Faulted voltages
and currents at

Apparent impedance calculation
Z = (Va) / { la + KO (310) }

applied at both ends

310 = 1475 A (-82)

Marcy substation K0={Z0-21}/321=0.9
Case # 1 “Figure 16 Va = 168.1 kV Z=Va/la =168.1/ 2.097
System normal (S/ N ) 3-phase fault la= 2097 A(-87) = 80.16 Ohms
( Reference impedance value )
Case #2 Figure 17 Va = 182.3 kV 2=182.3/(1.263+0.9x0.964)
System normal L-g fault la =1263 A (-84) =84.85 Ohms
310=984 A (-83)
Case#3 _ Figure 18 Va = 189.8 kV
End of line L1 fault at C.Corners la =1497 A(-85) 66.7 Ohms
310=1497 A (-85)
Case#4 l:'igure 19 Va =173.4 kV
Marcy - Edic (L2) out of service la =1184A (-84) 87 Ohms
3l0 =899 A (-83) ' :
Case#5 |-=igure 20 ~[Va =1845 kv
Edic-Fraser (L3) out of service la =1271 A (-84) 89.6 Ohms
310 =876 A (-82)
Case#6 Figure 21 Va =187.5 kV
Fraser - C.Corners 9 ( L4 ) out-of- la =1503 A (-85) 69.1 Ohms
service 310 =1344 A (-84)
Case#7 Va =184.7 kV
Edic- Fraser (L3) and Marcy- N.Scotland Jla =1274 A (-84) 89.6 Ohms
( L5) out-of-service 310 =875 A (-82)
Case#8 Va =170.2 kV
Marcy-Edic (L2) and Marcy - N.Scotland |la =1156 A (-84) 82.6 Ohms
( L5 ) out-of service 310 =875 A (-83)
. Case#9 Va =187.2 kV
Fraser - C.Corners (L4) and Marcy - la =1500 A (-85) 69.1 Ohms
N.Scotland (L5) out of service 310 =1343 A (-84)
Case# 10 Va =187,9 kV
Edic- Frasg(L3) out of service and la = 151A (-84) 68.2 Ohms
ground chains applied at both ends 310 =13 A (-82)
Case #11 Figure 22 Va=186.8 KV
L4 out-of-service and ground chains la= 1475 A (-83) 66.7 Ohms




Table 2 - Summary of Calculations Results

SimulatedFault at C.Corners Subs. |Primary Secondary |Percent |percent

Cases |with the following system |Apparent |Apparent overreach underreachr
conditions: Impedance jimpedance

Case # 1 | S/N 3-phase fault 80.16 Ohms|CT/PT= 0.1 Zero  |Zero

80.6x.1=8.02

Case #2 |S/N L-g fault 84.85 Ohms| 8.49 Ohms __ 5.90%

Case #3 |End of line L1 fault at 66.7 Ohms | 6.67 Ohms 16.80% _
C.Corners

Case # 4 |Marcy Edic(LZ) out of 87 Ohms 8.7 Ohms _ 8.50%
service

Case # 5 |Edic-Fraser (L3) out of 89.6 Ohms | 8.96 Ohms —_ 11.80%
service

Case #6 |Fraser- C.Corners (L4) out 169.1 Ohms | 6.91 Ohms 13.80%
of service

Case # 7 |Edic-Fraser and Marcy- 89.6 Ohms | 8.96 Ohms _ 11.80%
N.Scotland out of service .

Case # 8 |Marcy-Edic and Marcy- 82.6 Ohms | 8.26 Ohms _ 3%
N.Scotland out of service

Case # 9 |Fraser- C.Corners & Marcy | 69.1 Ohms [ 6.91 Ohms 13.80% _
N.Scotland out of service

Case #10]L3 out of serv. & ground 68.2 Ohms | 6.82 Ohms 14.92% _
chains applied at both ends

Case #11]L4 out of serv. & ground |66.7 Ohms [6.67 Ohms 16.80% —
chains applied at both ends
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