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Utility Experience on Misoperation of Zone 1
for a Remote Bus Fault

Abstract

When determining relay settings, Protection Engineers use Isc data from short-circuit computer
programs to obtain the current flowing through the system for various faults. The program can
be directed to show the contribution of current by any element in the system and for any fault in
the system. Bus voltages are also obtained on all buses during fault conditions.

This paper will explain the misoperation of the Zone 1 Ground Distance Element for a remote
line-to-ground bus fault which occurred on October 4, 2011 in the San Diego Gas & Electric
69 kV system. The initial investigation concentrated on obtaining all relay records for this event
and comparing all voltages and currents with the short-circuit program.

After weeks of reviewing the data, we did not find the reason for this misoperation. All currents
and bus voltages captured by the relay event showed that the fault impedance point came
within the Zone 1 setting, and hence, the subsequent instantaneous relay operation.

The line was protected with current differential and distance back-up relaying. Settings for the
line were prepared using our traditional 80-90 percent PUTT line reach. So then, why did the
Zone 1 element operate for this remote bus fault? Why was the relay bus voltage lower than
what the short-circuit program predicted?

The purpose of this paper is to share with other Protection Engineers the knowledge and
experience gained by the study of a utility relay misoperation. The traditional method of looking
for the fault current and voltage captured by the event records must be questioned when other
factors such as GROUND GRID RESISTANCE play a major role in the event.

Introduction

Single line-to-ground faults occur more frequently than other types of faults, and Distance
Protection functions are commonly used in transmission line relays for the protection of such
faults. These devices operate by measuring the apparent impedance to the fault through the
measurements of the bus voltage and the line fault current. The measured voltage is with
reference to the substation ground, which is the ground grid of the substation. The Zone 1
element of the ground distance relay is usually set as a percentage of the line impedance,
typically 80-90% of the impedance of the line. Protection engineers apply the settings of the
ground distance relay using Short-Circuit Analysis Software. The program uses the positive,
negative, and zero-sequence impedances of the transmission line in the fault analysis. The
sequence impedances are determined by Carson’s equation [2]. The fault analysis program
uses the phase voltage and the line current at the bus to determine the faulted impedance of the
line. In the fault impedance calculations, the voltage is assumed to be with reference to true
ground, i.e., zero ground resistance. However, the relays at the substation measure the voltage
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with respect to the ground grid of the substation, and not to the true ground. If the ground
resistance between the ground grid and true remote earth is very small (negligible), then the
software program voltage will be identical to the relay voltage. Therefore, the impedance
measured by the program and the relay are equal, and the relay will trip at the percentage
determined by the relay settings.

During the October 4, 2011 event, the Zone 1 element of the Distance Relay at one end of the
line tripped for a single line-to-ground fault at the remote end of the line, even though the relay
was set for 80% of the line impedance as shown in Figure 1. The line configuration under
investigation is shown in Figure 2.
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Figure 1. Phase C-to-Ground Fault
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Figure 2. Line Configuration
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Background Information

Fault Analysis Programs available today do not provide ground grid resistance at all bus
locations. The voltages displayed by these programs are referenced to true zero potential
ground, such as a remote earth location. System voltage measurements provided to equipment
such as Protective Relays, Meters, Digital Fault Recorders (DFRs), and Transducers are
derived from Potential Transformers (PT) connected phase-to-ground grid. They do not provide
a true remote earth ground reference, hence the voltage can be higher or lower than what a
short-circuit program provides, and for our case, the voltage was lower than expected (see
Figure 3).

Zone 1- 80%
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Figure 3. Substations With Ground Grid

On October 4, 2011, the San Diego Gas & Electric 69 kV system experienced a remote C phase
line-to-ground bus fault that occurred at Substation D due to the flashover of a bus insulator. All
event records from relays and DFRs were collected, and an investigation was started to see if
we had an incorrect relay setting and/or wrong impedances modeled in the short-circuit
program. After several days of searching through all of the data collected, and other
documents, it was determined that the relay setting and tieline modeling was correct. We knew
that the voltage was much lower than what the short-circuit program predicted, so the initial
investigation concentrated on the PT for a possible ratio problem. The PT was only two years
old and had no previous problems. After looking at the relay event voltage before and after the
fault, it was evident that all voltage values displayed seemed very reasonable and were as
expected, except for the voltage during the fault, which was much lower than expected.
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We turned our concentration to the possibility that the relay was defective, and after several
days of testing and re-calibration, we determined that the relay was working properly.

Our System Protection Maintenance testing group was asked to schedule PT testing since it
was the source of under-voltage. Taking the PT out of service was very difficult to schedule
since we had other instruments and relays for other lines connected to it. After several
discussions, it was determined that it may take several months to schedule a bus outage and
take the PT out of service for inspection and testing.

During this time, we requested outside assistance to further analyze the event records and our
modeling. We received a preliminary report, and from the events it was concluded that our line
positive sequence was very close to the modeled value, but the zero-sequence impedance was
much lower than what was modeled. The suggested zero-sequence impedance from the event
was a value that we could not use, since when used in the short-circuit program, the current
flow increased by more than 200%. Also, the fact that all impedance calculations used the well-
known Carson’s Equation [2], and that we had not experienced any problems at other locations,
it gave us validity that the zero-sequence impedance of this line could not be off by more than
400%.

It took more than nine months to consider the possibility that the ground grid resistance could
play a role in the voltage drop at Substation S. Then, it quickly made sense that what the relay
saw was correct and there was nothing wrong with the PT at Substation S. The PT was never
taken out of service, and this was a good thing since we would not have found anything wrong
with the ratio.

The ground grid resistance between the ground grid at the substation and the true remote
ground is normally very small and can be neglected. Under this assumption, the voltage
reference of the program and the relay is the same and, therefore, the relay behaves as
expected. However, the ground resistance at some locations can have an appreciable value
that causes a discrepancy between the simulated voltage and the actual measured voltage
during fault conditions. The diagram in Figure 3 shows the two substations with a ground grid
resistance, shown as an aggregate for each station. Different methods are used to measure the
ground resistance [3], [4], [5].

The ground grid system is designed to provide a low resistance value for safety reasons. For
large transmission systems the ground resistance is usually 1 ohm or less. Low ground grid
resistance helps maintain a low Ground Potential Rise (GPR) during system fault conditions.
This gives a low Touch and Step Potential for personnel safety, and for safety of the
communication equipment such as station phones and communication circuits for relaying.
Another benefit to low ground resistance is the fact that the ground grid and the true remote
ground are at the same potential level, which reduces any potential shock to humans and
animals. At some locations, the ground resistance of the substation is higher than the average
values due to ground grid degradation, which is possibly due to age and/or environmental soil
conditions.

The data provided by the short-circuit program and the captured relays events (see Figure 4)
showed that the bus fault current, bus voltage, and the current contribution of the line is about
the same as predicted by the short-circuit program. The only large difference noticed between
the measured and simulated values is the voltage at Bus S. The relay measured 16.5 kV, while
the simulation showed 22 kV. The difference is attributed to the ground resistances at

5
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Substation S and Substation D. The relay measured the voltage with reference to the ground
grid of Substation S, while the simulation voltage is with reference to true remote earth (R.E.)
ground.

Short-circuit Program

SGLéﬁvD With 0.3Q Fault Resistance SUB S SUB G
69KV 69KV
6.2C14 22.0C80
2244C-171
225C-169 4827C-166
——"Lh O
197C-172
10,718C-165 10,718C15
3695C-164 T H
3546C-165 5670C-165
20,613 C14
SUBD Relay measurements at SGLE;EVS Sg;i\?
69KV SUB D and SUB S
7.2C0 16.5
—H
11,031 C283.5
17—
—
O
—{
—
20,181 C297.2

Figure 4: Simulation and Relay Readings

Zone 1 Misoperation Event Analysis

On October 4, 2011 a single line-to-ground fault occurred at phase C of Bus D. The
microprocessor relays at both ends of the line recorded the event. Zone 1 of the distance relay
at Substation S operated, i.e., the fault appeared within its Zone 1 range, which is 80% of the
line. Simulation results of the fault on the fault analysis program and the relay measurements
are shown in Figure 5.
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Z- 0.77 Ang 61.7-ohms-pri

Ziy= 0.51 Ang 73.6-ohms-pri

STLES8-GD | |
CTR=400 PTR=600 Min I= 0.00A
Zone 1: Z=0.36 sec Ohm @ 78.8 deg. T=0.0s
Zone 2: 7=0.65 sec Ohm @ 81.8 deg. T=0.50s
Zone 3: 7=1.40 sec Ohm @ 261.8 deg. T=1.00s

Line Z= 0.49@ 79.7 sec Ohm { 0.74 Ohm)
Apparent impedances plotted (K=1.98@3.4):
Val(la+3Klo)= 1.48@-50.9 sec Ohm (2.22 Ohm).
Whi(lb+3Klo)= 1.45@-168.6 sec Ohm (2.17 Ohm).
WVel(le+3Klo)= 0.51@61.7 sec Ohm (0.77 Ohm).
Relay response: Zone 2 tripped. Delay=0.50s.
A UNIT : All zones restrained.
LB UNIT : All zones restrained.
Y CUNIT : Zone 2 Tripped.
More details in TTY window.

FAULT DESCRIPTION:
Bus Fault on: 7 DI 69. kY 1LG Type=C R=0.35

Figure 5: Simulation of Remote Bus Fault with 0.35 Ohms Fault Resistance

It can be seen that the ground impedance point is well into Zone 2, with expected margins for
nonoperation of Zone 1. As can be seen in Figure 4, the expected voltage at Bus S is

approximately 22.0 kV L-G for C phase.

The actual relay event showed a voltage of approximately 16.5 kV L-G for C-phase. This value
was much lower than predicted by the short-circuit program.

The equation for the apparent impedance for a L-G fault is given by:

VLG

4= Tpn 1 K310

where:
Za = apparent impedance seen by the relay
VLG = the line-to-ground voltage for each of the three phases
Iph = the phase current for the fault involved
K = the line compensation factor equal to (Z0 — Z1)/3Z1, where Z0 and Z1 are the
self-parameters of the line impedances
310 = the residual current flowing in the faulted line, sometimes referred to as Ir
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The new equation (taking into account the ground grid resistance) for this case is:

Znew =

VLG — Igg « Rgg
Iph + K310

the ground grid resistance (see Figure 6).

the ground current returning to the ground grid (positive or negative sign)
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Legend

Subscript Sequences: 1-Positive, 2- Negative, 0- Zero
| SG1 System Current at Substation G | SoR Substation S Zero Sequence Current from R.E. To Ground Grid Resistance
ISDl System Current at Substation D lDOR Substation D Zero Sequence Current from R.E. To Ground Grid Resistance
||-Sl Line Current from Substation S |BKS Substation S Transformers Currents
G Substation G 3RGGD Substation D Ground Grid Resistance
S Substation S 3RGGS Substation S Ground Grid Resistance
D Substation D IORE Earth Zero Sequence Current
Z|_1 Line Impedance from Substation S to D PT Potential Transformer

ZLp]_ Parallel Line Impedance from Substation GtoS SIRSRED  Substation D System Earth Resistance

Zs(;l System Impedance at Substation G 3RSR ES  Substation S System Earth Resistance

ZSDl System Impedance at Substation D 3RRE Earth Resistance between Substations S and D
V551 Voltage at Substation S phase to ground grid

VSDl Voltage at Substation D phase to ground grid

GGS Ground Grid at Substation S
GGp Ground Grid at Substation D

Figure 6. Ground Grid Fault at Substation D

Note that the Igg is the portion of 3lo current flowing back into the ground grid. This current can
flow from the earth to the ground grid with a negative sign, or from the ground grid to the earth
with a positive sign.

Igg = 3lo if no other lines are connected on the S bus and all ground current returns to the wye-
connected neutral ground transformers as shown in Figure 3.

New Sequence Component Diagram [1], [2]

The textbook solution to the single line-to-ground fault is to determine the Thevenin’s equivalent
of the positive-, negative-, and zero-sequence impedances. Connect the three sequence
impedances in series, and in series with the fault impedance to determine the fault current in
“per unit”.

- 3.0

| =
Fault > >
Z

The assumption for this fault calculation is that the fault is applied to the true remote earth
ground. In the SDG&E single line-to-ground fault event, the fault is to the ground grid at
Substation D as shown in Figure 6.
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Under this condition, the positive-, negative-, and zero-sequence Thevenin’'s equivalents are
calculated using the following equations:

Z,=2,,1Z +Z)) where: Zss1= ZBKS // Zsc1+ZLr1
Z,=2.,1I(Z,+Z,),) where: Zss2 = ZBKS /| Zsc2+ZLp2
Z, =3Reep + Zspo M Zeso +Z,, Where: Zsso= ZBKs /] Zsco+ZLpo

Note: 3RSRES, 3RRE, and 3RSRED are considered very small, and for these calculations are
equal to zero.

Phase C voltage at Bus S (with ground grid resistances included called VRLY) is determined as
follows:

VRLY =VSS1 + VSS2 + VSS0 — ISOR * 3RGGS

where: ISOR * 3RGGS = - GPR
VRLY < VC - RE

This reduction in bus voltage agrees with the relay measurement. The ground grid resistances
can be estimated as:

_ (22-16.5)*10°

- =0.51Q
668 10787

Phase C voltage at Bus D (with ground grid resistances at Bus D included) is determined as
follows:

VRLY =VSD1 + VSD2 + VSDO + IDOR * 3RGGD

where: IDOR * 3RGGD =+ GPR
VRLY >VC-RE

This increase in bus voltage agrees with the relay measurement. The ground grid resistances
can be estimated as:

_ (7.2-6.2)*10°

- -0.05Q
eeb 21117

10
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Event Records Captured

Shown in Figure 7 is the relay event from Substation D showing a voltage (approximately 7.2
kV) higher than zero, implying that the fault current encountered some fault resistance during
the bus flashover. The total phase current magnitude measured at 20,931 Amperes compares
very closely to the computer simulation of 20,537 Amperes.

[ ] Event Time: 10/F2012 06:03:54.190000
| |
(] | | | | — [ |
1A 1B IC ICMag IG IGMag
| — | — I ] ————
310 VC(kV)Mag  VA(KV VB(kV) VC(kV
_ 25000 e/ iMag ﬁ_,( S EAET I )
% E /‘/ .\\ / \ / \
o O = L " \ | \‘ : N~
2 =
< -25000 F
- 25000 F
= - ;
o O -
Q -25000 F
10000 +
o 0 -
“ _10000
o 40 + . S
= -
2 20 1+ |
(_) —
> —
: -
g —T

2.5 50 7.5 10.0 12.5 15.0
Cycles
[ IEVENTS-10-4-2011 69KV EAST BUS DIF | |

Figure 7. Relay Event From Substation D

Shown in Figure 8 are the phasor and sequence elements for the Substation D fault, giving the
same information as the event in Figure 7.
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Phasor and Sequence Elements
Event date/time: Wednesday, October 03, 2012 06:03:54.190000
Printed: 7/16/2012 10:55:54 AM

Event Report File=[____JEVENTS-10-4-2011N] 69KV EAST BUS DIF [ ] .cfg
g

Cycles: 5.250
Reference Phase: C

Channel Mag Angle Scale Show Ref
IA 9.8 95.1 1 1

IB 11.0 79.7 1 1

Ic 20931.1 297.2 1 1

N 20924.1 297.3 1 0

IG 20913.4 297.2 1 0

VA (kV) 40.9 255.7 1 1

VB (kV) 39.4 138.7 1 1

VC (kV) 7.2 0.0 1 1 1
VS (kV) 0.1 237.6 1 0

vDC 133.0 N/A 1 0

FREQ 59.9 N/A 1 0

I0 6971.1 297.3 1 1

I1 6980.7 297.2 1 1

12 6979.0 297.2 1 1

VO 11.8 202.7 1 1

V1 29.1 15.8 1 1

V2 10.5 198.7 1 1

.
Phasor Elements Sequence Elements
90

270

Figure 8. Phasor and Sequence Elements for Station D Fault

Figure 9 shows the event as captured by the Substation S distance relay, which shows that the
Z1G (Zone 1 Ground Distance Element) pickup occurred right after the start of the bus fault at
Substation D. The total fault duration of approximately 3.5 cycles and current magnitude are
similar to the values from the short-circuit program of Figure 4.

12
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: Event Time: 10/4/2011 06:03:54.199000
|

|
E— — E—
1A B IC ICMag IG IGMag
E—— E—— E— e ——

VC(kV)  VC(kV)Mag

\H 031 amps Ic
.

|10 787 amps 3loorlg |

7.7 KV Vo

0
. 16.46KV VC

Digitals \/C(kV)Mag VA VBIK) Veiv) VOMag IG IGMag 'A1BICICMag
N
&)
|

T T T TrrrrrrrmrrrrrTrTiTr T 1T T TT T 1T 1771

Figure 9. Substation D Event as Captured by the Substation S Distance Relay

The information captured by the relay events in Figures 7, 8, and 9, and the DFR in Figure 10,
shows that the neutral currents of 2-224 MVA 230/69 kV transformers give validity to our short-
circuit program flow for currents in different parts of our system.

Example of Current Distribution During a Ground Fault [4]

Figure 11 shows an example of how the ground current flows during a ground fault for three
typical substations with ground grids and lines with and without shield wires. (See IEEE 367,
page 13 for additional examples.) The fault at Substation C shows that most of the current (as
shown by the relative thickness of the arrows) returns via the shield wire, and some current will
go through the earth by going down the ground grid of the station. Once the fault current
satisfies the proper return to Substation B, the remaining current will go to earth from Substation
B grid to return to Substation A transformer neutral to complete the total ground current

distribution.
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l.XO01O0ct/04/2011 0O06:03:53 (IRIG—B,
Page 1 of 1

Il I[l
Ii“’ii"ll" . i el L"“ T T e |11 A
il i : i BANK 70 IN =5041 amps

_.|IHH' |||H\| ‘|||||\
WK

ll \ . BK 72 IN = 5040 amps

150. 000 ms

Figure 10. Substation D Event Data from Digital Fault Recorder
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No shield wire

4_ Shield wire
I T
STATION A STATIONB & S ‘
STATIONC
> —> —>
2’\
v ) Va-r\y
i }
+— +—
? Vo | A
e /
= D a—
Va-ny = Vphase—re - Vagr Vb-rly = Vphase-re + ngr Vc-r\y :Vphase-re + chr

re=remote earth
Vagr = station A grid resistance

Figure 11. Example of How Ground Current Flows During a Ground Fault for
Three Typical Substations

Note that in this example, the source is at Substation A and there is no source at Substation C
(open). Notice that a voltage decrease will be seen by the relay connected at Substation A, and
a voltage drop will be present at the relays connected at Substation B and Substation C. One
important thing to remember is that the ground current tends to be concentrated below the
transmission line rather than taking any shortcuts to reach the original source.

Figure 12 shows a ground fault at Substation A (an open source) with the voltage source at
Substation C. The transformer at Substation C feeds a wye-grounded delta (transmission side
is at this voltage level). It can be seen that the only Positive and Negative Sequence currents
pass through this transformer with no Zero-Sequence currents until we reach Substation B with
the grounded transformer neutral at this voltage level.

FAULT No shield wire Shield wire

| ] ] | | || ||
STATIONA STATIONE ; ; ‘ ;

— | Yo— |V — || Y —

open »
@;/ % Va»rly
N

Vc-r\y CIT@
A»

—> —> .
————"

5

Vagr ch(
re /
= c—
. " Va-rly = Vphase-re + Vagr Vb»rly :Vphase-ve ) ng'
re=remote ear
Vagr = station A grid resistance ley -Vphase're +>49r

Figure 12. Substation A Ground Fault (an open source)
With the Voltage Source at Substation C
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The Zero-Sequence current generated by the transformer at Substation A will circulate within its
ground grid and the transformer itself. The fault current supplied by Substation B will return
through the earth, and down the Substation A ground grid, giving an effective voltage rise at
Substation A and a voltage drop at Substation B .

No voltage changes will be seen at Substation C since no grid currents flow to, or from, the
earth.

Lessons Learned

e Ground distance and voltage relays can be influenced by the ground grid GPR (Ground
Potential Rise).

e Ground grid GPR can be Positive or Negative with reference to the direction of the grid
current (see Figures 11 and 12).

o Shorter lines with higher fault currents will be influenced the most, compared to longer
lines.

e Protection Engineers need to obtain the ground grid resistance, and they must include
this factor into any calculation for the set reach of the relay. They must take into account
the voltage rise or drop during a ground fault based on current return to the substation.

o It may be very difficult to determine the proper split in a fault current and the proper
current flowing in the grid.

e Short-circuit programs do not include the grid voltages, therefore the impedance plot (or
simulated) does not provide the proper visualization as the right impedance point for
ground faults. Ground impedance coordination may not be shown correctly and
miscoordination could occur.

e You must inform the supplier of your short-circuit program to include this new feature in
their program.

16
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Recommendations

1. We hope that all suppliers of short-circuit and relay coordination programs
will include a new reference line called the GROUND GRID. This should
include a new user-defined Resistance value at all substation buses, and
provide a displayed voltage from this new reference point, as well as the
existing voltage from phase to true remote earth ground.

2. All relay engineers will use this new voltage (phase-to-ground grid) for setting
their ground distance relay element, or if voltage coordination is necessary, will
use this new reference voltage since the relay will actually see such a voltage
during fault conditions.

3. We want to encourage other engineers to write more papers utilizing this new
approach and refine any current flow split through the earth and through the
ground grid resistance [3][4][5][6].

4. New ways to measure the ground grid resistance in a working substation need to
be developed to provide a comparison to the value measured when the ground
grid was initially installed. This information can be quite useful in determining
ground grid degradation.

Conclusion

We hope that this paper provides new information to the relay engineer so that better and more
accurate relay settings can be developed for the transmission system. This will enhance the
security, improve fault location accuracy, and minimize any miscoordination and possible
disturbances due to the relay settings.
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