Analysis of Recordings at Consumers Energy

R. J. Ricker
Abstract

It is the intent of this paper to display some interesting and challenging fault records and
discuss what happened and why, while keeping the discussion interesting for those with
minimal experience analyzing system disturbances. This will be accomplished by starting
with basic faults and continuing to build knowledge while progressing to more complex
faults. These fault records are from various substations on the Consumers Energy High
Voltage Distribution and Michigan Electric Transmission Company (METC), LLC
Transmission system(s) and for the most part a fault record from a single exit will be used;
when supporting fault records are needed, they will also be used. The first part of this
paper will cover single breaker line exits and the associated fault record then breaker-and-
a-half line exits will be covered.

Introduction

The ability to read and understand a fault record is the basis for good system analysis.
Once the fault record is deciphered, and the relationships between all the currents and
voltages are understood (such as magnitude, phase angle, direction of flow etc.) the
underlying cause of the fault and what caused the currents and voltages to behave as they
did needs to be determined. Many times, this is straightforward because information from
the field about the fault cause, system configuration, etc. is available, the fault record is
also straightforward or the observed conditions are familiar from previous experience.

Sometimes, though, fault records are extremely difficult to decipher. Texts and other
information on fault analysis, if available, are rare. Also the degree of difficulty in
understanding these fault records is inversely proportional to the amount of experience that
one has in reading these records. When the fault record is difficult to read the reasoning
behind why the currents behaved as they did may be not be able to be definitively
determined, but instead must be evaluated for plausible explanations. Additional data may
need to be gathered, past fault records of similar events may need to be reviewed or you
may need to plead your “plausible cause” case to coworkers because there might be
something you have overlooked. Or, as often is the case, there is something about the
event that you haven’t learned yet or don’t understand.

Such is the case for some of the fault records at the end of this paper. Current magnitudes
and directions are exactly known. A plausible cause has been determined and the author
needs to plead his case among peers. Hopefully in this process we all may learn more
about analyzing fault records.
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Single Breaker Scheme

The first part of the discussion will include faults on single breaker exits. All digital
records are from either a digital fault recorder (DFR) or a digital relay.

For the single breaker line exit where there is a DFR, the monitored current channels will
consist of one of the following; a single phase and the residual, two phases and a residual
or (rarely) all three phase and the residual. If two phases and a residual are monitored, the
unmonitored phase is calculated by the analysis software from the available records. If the
record is from a digital relay, three phases are monitored and the residual is calculated
within the relay. (See FIGURE A.)

When CT secondary current circuits are displayed the currents will be shown on the
illustrations in primary amps. Although all records are discussed in terms of A, B and C
phases, all DFR records use X, Y and Z for the phases. The reader will have to make a
mental translation when reading the DFR records. Additionally the residual current is
often called ground current (IG), neutral current (IN) or residual current (IR). This current
is referred to as residual current regardless of the descriptor on the relay or the DFR. All
currents on the DFR and relay records are scaled to be readable and may not be relative to
each other.
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Breaker-and-a-Half Scheme

While the faults and fault records for the single breaker line exits are reviewed, experience
is developed in recognizing the relationships between the residual and the faulted phase(s)
in the single breaker schemes. Knowledge of this relationship will help in understanding
the fault records when the breaker-and-a-half line exits are reviewed because the totalized
currents and many times only a single phase and the residual of the middle breaker may be
monitored. If the fault isn’t on the same phase that is monitored on the middle breaker
then the totalized currents and the residual of the middle breaker may be all that’s
available.

The secondary currents in the boxes are typical of what will be monitored on the breaker
and a half scheme (figure B). Two totalized phases and the totalized residual, plus a single
phase and the residual of the middle breaker are usually monitored. As previously
mentioned, the residual of the bus side breaker may be monitored. Sometimes, a single
phase of the bus side breaker may even be monitored.
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EXAMPLE FAULT #1

The following record (Figure 1-1) is from a single breaker line exit scheme. A single line-
to-ground fault occurred on the A phase of this line due to a faulty insulator. The remote

terminal breaker opened first as indicated. Next, the 388 GCB attempted to clear the fault
but only opened its B and C phase poles. The line fault continued until the breaker faulted

internally.

This record contains all the information needed to determine that there was a single line-to-
ground fault on the line and that the A phase pole of the line breaker failed to open. This
record will now be examined more closely to gain the experience needed to read and

understand the more complex faults later in the paper.
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Figure 1-1

Figure 1-1 is broken down into three parts that are to be examined: “I”, the initial part of
the fault until the breaker at the remote terminal of this line opened. “II”, the second part
of the fault after remote breaker opened until the local (388 GCB line) breaker tripped and
opened its B and C phase poles. “III”, the AG fault continuing on the line until the A phase

of the breaker tank is shorted to ground in the tank.
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“I” (INITIAL) PART OF FAULT

Figure 1-2 represents an ac schematic for the primary and secondary current circuits. This
is the beginning of the fault and the remote terminal breaker of this line is closed as
indicated. This first part of the fault has currents in both B and C phases in addition to the
current in the faulted A phase.

To get a feel for the relationship between the faulted phase and the neutral current the
following test can be quickly performed. The fault is on A phase and the currents in the
un-faulted phases B & C shift as the fault ensues and are close to 180° out of phase with
the faulted phase. They aren’t exactly 180° out but because they are close to 180° a good
estimate of the residual currents can be made by just summing the currents and ignoring the
phase angle. Ir=1a+ Ib + Ic or Ir = 876 + (-95) + (-326) then Ir = 455. Because Ib and Ic
were assumed to be 180° out of phase this is the lowest the residual current can possibly be.
It is known that the currents were 215° and 190° out of phase, so the residual is actually
slightly higher than the estimated 455 amperes. From Figure 1-2 it can be seen that Ir =
485 amperes.

In this case the residual equals only 55% of the faulted phase. This is typical of a fault
where the relaying is looking into the stronger source but it wouldn’t be considered a
typical fault for all single line-to-ground faults on this system. For a good portion of
single line-to-ground faults on this system, it is estimated that the residual is equal to 85-
95% of the faulted phase. The residual can also be higher than the faulted phase. In Figure
2-2 the residual is slightly higher than the faulted phase and in Figure 6-2 the residual is
120% of the faulted phase.
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Understanding these relationships is important in learning the art of visually inspecting any
fault record, but it is even more vital in order to analyze the individual currents in the
breaker and a half line exit scheme due to the limited amount of data recorded for the
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Figure 1-3

The faulted A phase currents (Ia) and the residual current (Ir) in Figure 1-3 are
superimposed to get a better understanding of the relationships between the faulted phase
and the residual current.

“II” PART OF FAULT

In this portion of the fault record labeled “II”, the remote terminal of this line has opened.
Now it can be seen that the currents in the un-faulted phases B and C shift around again.
There is enough current in these un-faulted phases to affect the magnitude of the residual
because there are two delta high side-grounded wye low side distribution transformers
tapped on this line.

Figure 1-4 shows the magnitude and the phase angles of the currents in the 388 GCB after
the remote terminal of the line opened. In the first part of this fault, the residual was
estimated by looking at the secondary schematic and viewing the current magnitudes and
angles. However, assume there has just been a severe lightning storm that tripped 56 lines
on the system and all the associated fault records need to be reviewed. Drawing a
schematic is essential for this paper but in the real world one needs to look at the fault
record and process information quickly, so we will now review the fault record and
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determine the relationship between the faulted phase and the residual from that review

alone (Figure 1-5).
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The faulted A phase and the residual are superimposed and the difference between the two
is small but noticeable. To estimate the residual look at the line running through the peak
of the superimposed la and Ir. Drop from the peak to Ib and notice that Ib is not in phase
but it is in the positive direction as well. When compared to the Ia and Ir peaks the current
Ib is about half way to peak of 149 amperes. A good estimation, then, is that 75 amperes
needs to be added to Ia. Inspect Ic and note that at a max Ia, it is about 80% of its own (Ic)
peak value and it isn’t quite 180° out of phase with Ia. Therefore Ic is equal to 80% of -75
amperes at la peak or -60 amperes. If [r=1Ia+ Ib + Ic or Ir =935 + 75 — 60, then Ir =
approximately 950 amperes. It is known that Ir = 941 amperes, so all looks good with the
currents. If instantaneous RMS was available on the analysis program this estimation
could be faster. Once one has enough experience, just a glance at the waveforms and
magnitude is sufficient to determine approximate phase angles of the phase currents and the
magnitude of the missing phase or residual.

Again the point of this exercise is to get a feel for the relationship between the faulted
phase and the residual.

“III” PART OF FAULT

Now that both the remote terminal of this line as well as the B and C phases of the 388
GCB are open, the distribution transformers are no longer a factor. There is no current in
either the B or the C phases; hence, Ir =la. This can easily be seen on both the secondary
schematic (Figure 1-6) and the fault record (Figure 1-7). The slight differences are
probably DFR calibration errors for the magnitude and differences in the DFR components
for the phase angle.
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Part “III” of this fault is the simplest of circuits, but it is extremely important to recognize
this relationship between faulted phase and residual because it will be the basis for
understanding the fault records when the breaker-and-a-half scheme are discussed, again
because of the limited data available.

The “III”” part of this record could also be considered the long version of Ir=Ia (or Ir=Ifaulted
phase). The short version can be seen in the latter half of the “neutral kick” every time a
breaker is opened on a balanced three phase load or a three phase fault. See figure 1-8.
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Figure 1-8 is a three phase fault on a line close to the station (the CA voltage is quite low
during the fault). The C phase pole opened first as it crossed zero at which point Ic is
almost equal to zero but not quite because of the breaker opening resistor. Now Ir =1a + Ib
+ =0 and the resulting residual current can be seen rising from the zero crossing until the B
phase pole is opened. Once the B phase pole is opened at zero crossing Ir = Ia + =0 + =0.
Ia and Ir are superimposed to get a visual that Ir = [a. Since this phenomenon lasts less
than 1 cycle the RMS values displayed to the right of the traces in Figure 1-8 are not
accurate. One has to look to the instantaneous values all the way to the right in the third
column. Ia=-3,659 and Ir = -4,061. Again these values are not equal in this example
because there is a small amount of current still in B and C phases because of breaker
opening resistors.

EXAMPLE FAULT #2

In this example a single line to ground fault (BG) on an 85 mile 138 kV line was recorded
at the exit at a generating plant. The CT ratio is 500/5 (or 100/1) and the fault is about 2
miles out on the line. This relay record (Figure 2-1) is filtered data from a 4 sample/cycle
digital relay.
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Figure 2-1

Examine this record using what was learned from the first example. The B phase voltage is
sagged and B phase current is high, indicating a B phase to ground fault.

In Figure 2-1 the C phase currents aligns closely to the faulted phase (35° off) and A phase

shifted toward the 180° out of phase position (33° off). Again since Ir=Ia + Ib + Ic then
visually we can see that Ir is probably going to be close to if not slightly higher than Ib (the
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faulted phase). However, you will notice that Ir is disproportionately less than Ib (the
faulted phase). Something is not correct with this record.

This digital relay record includes all three phase currents, so Ir will be calculated using the
analysis software and Ir (calc) and will be displayed with the other waveforms. The
program allows the equation Ir = Ia + Ib + Ic to be quickly programmed (See Figure 2-2
below.)
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Figure 2-2

When examined, this record shows that when Ir was calculated, it is what would be
expected, Ir is slightly higher than Ib. The Analog to Digital (A/D) converter in the relay
saturated and Ir was incorrect.

It is usually a good idea to look at currents and voltages from line or transformer exits
behind the relay to verify that the signature of the fault is the same from both locations. If
it’s not, the data should be reviewed further to determine why. Digital fault recorders are
great for looking at data behind the line exit being analyzed, primarily because all the data
is displayed on one graph and can quickly be digested.

Luckily, a digital fault recorder at this same station is monitoring some analog quantities,
S0 an easy comparison can be made (see Figure 2-3 below).
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From figure 2-3 and 2-4 it can be seen that the Ib is saturated. Ib and Ir are superimposed
in figure 2-4. This station has over 20,000 amps fault current available and employs a
500/5 CT ratio. For faults at the station, the CT is trying to produce 200 amperes
secondary current. This fault is close to the station and the CT is trying to produce about
125 amperes. When this record is viewed it is an easy call to say that this B phase is
saturated because it is expected to saturate.

Also the B phase on this record shows clipping. We don’t calibrate the DFR for 200
amperes because the CT should not be able to produce 200 amperes. So these channels are
calibrated for 123 amperes CT secondary current. Because the B phase current is both
saturated in both the DFR and digital relay and clipped by the A/D converter in the DFR,
the total reported by both those devices is suspect. All total incoming residual currents can
be added together and displayed using the analysis software.
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Figure 2-5
In Figure 2-5 all the incoming residual currents entering the bus were totaled to calculate
the exiting residual currents on the line. This total fault current (BUS 1 TOTAL) is 13,958
amperes. Not all of the incoming B phase currents are monitored so the total B phase
current is not available. However, if all incoming lines had either the B phase current or
the A phase, C phase and residual currents monitored then the B phase current could be
measured or calculated to get the total incoming B phase current. Unfortunately the two
138 to 46 kV transformers at this station have only 1 phase and the residual monitored.
Another alternative to calculating the total incoming B phase current would be to total all
incoming residual currents, flip the data 180° and subtract that value ( —Ir total incoming)
from Ia and Ic of the line exit to calculate Ib. Based on what has been discussed thus far, Ib
is probably slightly less than the residual by 100 - 200 amperes.
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This is also a good example of filtered data from a relay verses unfiltered data from either a
relay or a DFR. The relay in this example didn’t have unfiltered data available and,
although it doesn’t affect the relays performance, at times it can be misleading when trying
to analyze faults. This is especially true during quarter and half cycle changes such as
current reversals. It is important to know your data type and be mindful of the differences
when analyzing any fault records.

EXAMPLE FAULT #3

This was the first fault recorded on this DFR. Not all the channels were wired because the
installation was not complete. Only the channels that were previously monitored on the old
oscillograph had been completed. This example also shows the importance of looking at
additional relay records behind your line exit.
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Looking at this digital record (Figure 3-1), the A phase and the residual current of 2
incoming lines (177 OCB and 388 OCB) are displayed along with the A phase and residual
current of the faulted line exit (288 OCB). The A phase bus PT voltage is sagged and the B
and C phase voltages don’t show much change, indicating an A phase-to-ground fault.

This fault is on the 288 OCB circuit and only A phase (Ia) and the residual (Ir) currents are
monitored and displayed.

It initially appears that the observed current in the faulted A phase is affected by CT

saturation. In the previous example it was easy to know it was saturation because the CT
ratio was trying to produce over 100 amperes secondary current and saturation was
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expected. This circuit also has a 100/1 CT ratio but the CT is only trying to produce 46
amperes secondary. However, there is something even more disturbing about this record.
Looking back at in example #2, Figure 2-5 it can be seen that all currents entering the bus
look exactly like the current exiting the bus (with the exception of the magnitude and of
course the saturation on the faulted exit). Figure 3-2 clearly shows that for the first half
cycle the current in the faulted phase (Ia) of the 288 OCB is almost nonexistent and the
residual current is zero for the first half cycle.

288 0CB % 4575.085 93.004°

A phase is reduced for the first 1/2 cycle of
the fault. Iris zero for the first 1/2 cycle of
the fault

-------- || sz 008 N 3976972 94.529°

I i S | 388 0CB TT0.043 2723340
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every current entering the bus as showin here
on the 388 OCB exit -

38 0CB N 28263 273.43%°

Figure 3-2

There certainly was current in the primary of the 288 OCB exit, as the fault was on that
line. However, during the first half cycle, the exiting (288 OCB) A phase current doesn’t
look anything like the incoming (177 OCB or 388 OCB) A phase currents. From what was
reviewed on the previous examples, Ir should be about in phase and reasonably close to the
same magnitude as la, but Ir is zero for the first half cycle. An open link in the 388 backup
relaying secondary circuit between the monitored A phase and where the phases are
connected together to form the residual was found during a follow-up inspection. Figure 3-
3 shows were the secondary current was flowing.

When the fault occurred there was enough voltage developed across the open secondary to

flash somewhere between the A phase monitoring and ground for the first half cycle. After
that, the presence of residual current shows that the open link arced over. Compared to the
records reviewed thus far the relationship between the faulted phase and the residual looks

in the ball park of what should be expected.
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Note that this arc is now in series with the meters, relays, DFR, etc. and adds substantial
burden to the CT circuit. This added burden from the arc resistance caused the CT to
develop more secondary voltage then is expected for 46 amperes secondary current and
caused the saturation. Since IR=V, the CT secondary voltage is also higher and this CT
saturated at a lower current than would otherwise be expect.

Open link in A phase CT current secandary.
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Open link in A phase CT current secandary.
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EXAMPLE FAULT #4

RELATIVE IMPEDANCE: When a short circuit model is built, line and transformer
impedances are calculated and input into the program. Bus impedances are very low
relative to the transformer and line impedances and are not modeled. This is because when
added to the Thevenin impedance of a fault, they don’t change the total fault current by any
measurable significance. However, the following examples will explain why when
analyzing faults, it helps to have an awareness of the relative impedance of buses,
especially when parallel current paths are available around the bus in breaker and a half or

ring bus schemes.

Figure 4-1 shows the voltage of a 138 kV bus during a single line-to-ground fault on that
bus. The B phase voltage goes from 83 kV to 4.2 kV. The voltage at the point of any fault
is zero and bus impedances are also zero, at least according to the short circuit model.
However, buses do have impedance and the distance from the fault on the bus to the PT
that is monitored has some impedance and this is reflected in the resultant voltage of 4.2
kV. Note the nice 60 hertz sine wave of the faulted BN voltage during the fault.
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The one-line drawing in Figure 4-2 shows the fault location and the monitored PT.
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Figure 4-3 is also a 138 kV fault on the bus but the fault is very close to the monitored
voltage source. Note that not only is the voltage lower than the previous fault but there
isn’t much of a sine wave.

When the operations department was looking for the fault location and this record was
“casually reviewed”, they were informed that the fault was very close to or right at the
CCVT. The fault was found on the 9M6 disconnect switch just a few feet from the
monitored CCVT.

Figure 4-4 shows the location of the 138 kV bus fault and the location of the 138 kV CCVT
that is used to monitor the B phase voltage on the DFR.
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This next example of relative impedance is from a station that was built to accommodate a
natural gas Independent Power Producer (IPP). Although built as a breaker and a half
scheme the initial application is basically a ring bus. A 32 channel DFR did not have
enough channels and the next available option was a 48 channel DFR. Since all 48
channels were going to be scanned and the data (with nothing on the unused channels)
brought back over the phone line it was deemed prudent to monitor the individual breaker
residual currents on the breakers adjacent to the bus.

This fault is on the RH26 line exit of this station. The totalized residual currents and the
individual breaker residual currents are shown flowing around the bus. The faulted phase
currents for the 26H9, 28H9 and 26F7 GCB are not available since only 1 phase and the
residual is monitored, so only the total incoming and outgoing residual currents are shown.
But it still makes the point that although bus work and disconnect switches have very little
impedance, the currents still chooses the parallel path of least impedance. Figure 4-5 is a
DFR record with all the residuals of the totalized line exits and residuals of the individual
breaker currents. Figure 4-6 is a one-line showing those currents and their path of least
impedance around this ring-bus.

/J\V 26F7 GCB N 1002714 303.165*
.
M/ 26F7 & 28H9 .M 937358 304.226°
H I
i
‘ ‘\/ﬂvﬁ\ 2BH3 GLCB N 115004 109527
|
i
i
Re 5
= 26RA & 28H9 H 660759 323,521
H
i
H) .
o v\/ 283 GCE N 560,734 325317
I
.
B
i 26F7 & 26H9 1 910714 314.793°
N
17anba
; : I 26HIGCB M 1985.139 302.851°
i
ﬁ‘\ 26Fif & 26H9 N 11485240 108.329°
b
.
i
263 GCE N 5395.261 106.040°
ﬁl"" WA LIMEFTs 2N 27661104 1610167
2GRS & 28R8 N 8871.300 292.968"
26RE & 2R8 LW 27nasm 299.330*
i 263 & 20RE ¥ 2747.959 296.438"
26R2 & 208 z  28ME2 291.180°
Figure 4-5

The 26R8 and 28RS breaker exit is connected to a generator step-up transformer but the
generator is not generating at this time. A, B and C phase current are equal in magnitude
and are in phase with each other and if summed (without the phase angle) equal the
residual current. Classic 3o is flowing from a grounded wye-delta transformer with no
source on the delta.
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The difference between the two parallel paths from the FH28 exit and the RH26 exit
(faulted line exit) is that one path has 3 breakers in series and one path has 2 breakers in
series. Everything being equal it might make sense that the impedance from the FH28
node to the RH26 node is equal in either parallel path. However, the current flow indicates
otherwise, all 937 amperes entering the FH28 node flow down one path.

Both parallel paths have the same amount of bus work and each have 5 disconnect switches
in series. Is the impedance difference caused by the additional breaker? Maybe it’s not the
breaker itself but the connections to the breaker bushings and the connections to the
disconnect switches that make the difference. Maybe it’s the pitting on the disconnect
switches where they make contact from the arcing during switching operations. The FH26
current comes into its node and all flows down only one path.

The point is that this is a situation where, however small the impedance of the bus may be,

the relative impedance from one path to the other does make a difference how currents flow
around the bus.
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EXAMPLE FAULT #5

This fault is from a single breaker line exit at a 46 kV substation and the ground relay on
this line exit was not working. Due to the relatively small spacing of the 46 kV conductors
the single line-to-ground faults that were not cleared by this inoperative ground relay
eventually changed to double line-to-ground faults (as more air was ionized) and the phase
relays then cleared the fault.

The problem with the ground relay was that the neutral connection return from the phase
relays back to the CTs through the ground relay was open. A knife switch was the
problem, but when the technicians tested the relay and checked out the circuit, it was
conducting the small amount of current used in the test. A digital relay was temporarily
installed to monitor the circuit. Now normally this would guarantee that the line wouldn’t
be faulted for a long, long time, but in this case it happened within a month.

The fault was a single line-to-ground fault on the B phase. There are two 11 cycle records
in Figure 5-1. The first record shows the BG fault and the second record shows the BG
fault continuing and then changing to an ABG fault. Once the A phase was involved the
breaker was tripped by the torque-controlled phase relays.
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Figure 5-1
Because the neutral connection was open, the return path for the B phase current was back

through the A and C phase CTs. The currents in the secondary of this circuit do not
represent what was in the line as shown in Figure 5-2, instead, the B phase CT was driving
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current into the A and C phase CTs in the opposite direction of the actual A and C phase
current flowing in the line (see Figure 5-2).
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The first record in Figure 5-3 is from a relay one bus behind the failed relay and the second
record is from the remote end of the line. These currents were used to locate the fault using
the short circuit model. Note that there is more B phase current coming in from the
node/line behind the relay (first record Figure 5-3) than is flowing down the faulted line
(record #1 in Figure 5-1). Figure 5-4 shows the short circuit model used to calculate the
fault location and contributions from the exit with failed relay.
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Figure 5-4

The digital relay from the remote end of this line calculated this fault to be 18.57 miles
from the remote end. Using the short circuit model and currents gleaned from the available

relays the fault was calculated to be 19.18 miles from the remote end with 8.2 ohms
resistance in the fault.

EXAMPLE FAULT #6

In this example, there was a single line-to-ground fault on the C phase of the RH25 line
exit. There was 4,683 amperes recorded on the totalized C phase but only 215 amperes
recorded on the totalized residual (Figure 6-1). The 215 amperes on the residual was
probably the sum of Ia + Ib (the un-faulted phases). The C phase current was shorted to the
case of an electromechanical phase relay used in this directional comparison blocking
scheme. After the C phase current was monitored on the DFR it went into the
electromechanical distance relay and then to ground (Figure 6-2). The current then
returned to its source (the C phase CT) via the CT ground in the panel, bypassing the
residual monitoring on the DFR.
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BREAKFER-AND-A-HALF SCHEMES

Before delving deeper into the breaker and a half line exit schemes, we will review the
secondary CT circuits to show where the currents are monitored.
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Figure B

Not every desired point is monitored due to cost constraints. The secondary currents in the
boxes are typical of what will be monitored on the breaker and a half scheme. Two
totalized phase currents and the totalized residual current, plus a single phase current and
the residual current of the middle breaker are usually monitored. As previously mentioned,
occasionally the residual current and/or a single phase current of the bus side breaker may
also be monitored.

EXAMPLE FAULT #7

This first digital fault record is used to gain an understanding of how the breaker and a half
schemes are monitored on the system and show the different breaker clearing times and
currents through the breakers.

This 1s a BG fault on the RH32 exit.

The B phase of the 32R8 GCB and the B phase of the 32H9 ACB (in this breaker-and-a-
half line exit scheme) are not monitored. However, in this case the residuals of both of
these breakers are monitored. The faulted line currents are exiting the station via the
parallel path of the 32R8 and 32H9 breakers. The total fault current values (32R8 + 32H9)
are Ib=5,376 and 1r=6,449. Since the faulted phases of the individual breakers are not
monitored it is assumed that Ib and Ir of the two individual breakers have the same ratio of
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faulted phase current to residual current as the totalized circuit. Like all the faults reviewed
thus far the residual is close enough in magnitude and phase angle to the faulted phase that
the residual current is a good indication for understanding the faulted phase current.
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Figure 7-1

For this exit (figure 7-1), the fault residual current Ir totalized measured 6,449 amperes. Ir
of the 32R8 GCB measured 3,808 amperes and Ir of the 32H9 ACB measured 2,636
amperes. The totalized residual current can be calculated by summing Ir of the 32R8 and Ir
of the 32H9 or 3,808 + 2,636 = 6,443 amperes. The difference between this calculated
total of 6,443 amperes and the measured totalized current of 6,449 amperes is from very
slight calibration differences.

Two and one-half cycles into the fault, the 32R8 GCB opened at which time the A, B and C
phase currents are transferred to the 32H9 ACB for the last half cycle. Now Ir 32H9 ACB
is equal to Ir totalized for this exit.

A note of interest is that the current transformers on hub or middle breakers can only be
polarized toward one adjacent line exit. So in this example the 32R8 breaker residual
currents appear to be 180° out of phase from the 32H9 and the 32R8+32H9 totalized
current.

The instantaneous values show that the 32R8+32H9 totalized residual values now equal the
residual in the 32H9 breaker because the 32R8 has opened.
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Figure 7-4 shows the faulted phase and residual currents before and after the 32H9 breaker
is opened.
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EXAMPLE FAULT #8

ARC RESISTANCE: In example #3 there was an arc in the breaker secondary current
circuit and it had resistance, but how much resistance? When analyzing faults, it would be
nice to know the resistance of the arc. When the arc can’t be measured or calculated, the
resistance of the arc relative to the impedances of the system being analyzed is always
interesting to consider.

Example 8 is from a digital relay record that has 16 samples per cycle unfiltered. In this
example, a B phase conductor broke on the line. The steel core of the conductor rusted and
the aluminum strands could not support the weight of the conductor. The conductor broke
and drew an arc; initially this arc was close to zero resistance. As the ends of the conductor
dropped, they pulled apart increasing the length of the arc, and with it, the arc resistance.
Although the resistance increase appears to be fairly linear as can be seen in the decrease of
the B phase current and the resulting increase of the residual current, no conclusions were
drawn as it is not known how rapidly the conductors pulled apart as they dropped (see
Figure 8-1). At the end of the fault, just prior to the arc going out, the resistance of the arc
appears to have increased rapidly in a non linear fashion.

Unfortunately, the relay didn’t start recording until the arc had enough resistance that Ib

(load on in the B phase) decreased to the point that Ir was high enough to trigger the relay.
How long did this condition exist before the relay was triggered?
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The lowest point of the conductor is at the bottom of the sag or 32 feet off the ground.
Using the acceleration of gravity D= (.5) (32 feet/second/second) (t?), the time it took the
conductor to fall is represented by t2 = 32/ (32) (.5) which calculated to t=\2. It should take
1.41 seconds for the conductor to fall from the time it broke until it hit the ground. Again,
it was not determined how rapidly the conductors were pulling apart as they fell to the
ground. In the first 0.676 seconds (the time the relay did not record) the conductor fell only
2.9 feet.

This example is included because in many ways this conductor breaking is analogous to a
breaker opening. The conductor broke and started to part, at this point an arc was
established. At inception, the resistance of the arc was approaching zero but increased as
the distance between the ends of the conductor increased. As the conductor fell and was
pulled further apart, the resistance of the arc increased to the point that the arc could be
perceived. That is, there was enough arc resistance to reduce the B phase current to the
point that the residual/ground current was large enough to exceed the relay setting that
triggered the record. In the pre-fault portion of the record, the neutral current was just
getting noticeable after 0.6 seconds into the arc and increased as the conductor pulled
farther apart. Also as the arc resistance increased, the B phase current was slowly
transferred or loop-split to a parallel path until the resistance was large enough to break the
current/arc. The resistance increased until finally when the current hit a zero crossing the
arc could not be reestablished as the voltage started to rise on the subsequent half cycle.
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Figure 8-2

It took for this conductor arc twenty three cycles to go from perceptible to having enough
resistance to loop-split and/or break the B phase current. In contrast, a three-cycle breaker
may go from perceptible to clearing the current in less than 1/2 cycle and the actual time is
probably less than a quarter of a cycle. The following digital fault records will show that as
the breaker is opening it takes until the last half cycle before the currents are affected
enough to be perceivable.

EXAMPLE FAULT #9

Figures 9-1 and 9-2 are the same fault. This is a single line to ground fault. There are no
faulted phases monitored on either individual breaker or the totalized exit current. Only the
individual breaker’s residual and the totalized residual of the line exit are monitored. A
casual review of this record as presented in figure 9-1 may glean the following information;
both breakers were tripped in 1.0 cycle via the line relays connected to Trip Coil #2 and
both breakers opened in 1.5 cycles, for at total fault time of 2.5 cycles. The Y phase on
both the 26F7 ACB and the 26F7 & 26H9 totalized current was small relative to the faulted
phase so it had to be scaled-up substantially to see a sine wave. This may be why it looks
especially noisy. The 26F7 neutral appears to have some noise on it just past the peak on
the last half cycle.
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Figure 9-1

Analysis of this same record when presented in figure 9-2 tells a lot different story. This is
the point in this discussion where the author needs to plead his case because the following
conclusions were drawn from analyzing many fault records that all demonstrate the same
phenomenon. When analyzing this DFR record as shown in Figure 9-2, it becomes
apparent that when breakers are opening they have arc resistance.

To open a three-cycle breaker, voltage is applied to the breaker trip coil through the relay
contact and depending on the breaker it then takes anywhere from 2-3 cycles to open/clear
the fault. However, when opening this breaker some of this time is spent trying to
instantaneously change the current on the breaker trip coil and this takes some time. A
plunger in the trip coil then has to move to hit a trip mechanism, more time. Some form of
spring has to then start moving and accelerate the breaker contacts, more time. When
everything is added up, a three-cycle breaker that is clearing a fault in 2.5 cycles seems to
be doing most of the work (moving its contacts to the point that an arc resistance is
established and increasing its dielectric to the point that once the current crosses zero the
arc cannot be reestablished) in about 9 milliseconds or less. As the breaker starts to open
there is not a perceivable drop in the total fault current. If the arc resistance of the opening
breaker does get large enough to change the total fault current then this resistance is
achieved in the last quarter cycle (3-4 milliseconds) of the fault, when the current goes
from peak to zero crossing. If this is the case then a large resistance would not be
perceivable because the resistance would be reducing the total fault current when the
current is moving from peak to zero-crossing on the sine wave.
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Some interesting observations about breaker resistance can be gleaned from the DFR
records for the three faults in this example. It appears that as the contacts of both breakers
are parting and the arc resistance is getting established the relative resistance of the faster
breaker to the slower breaker increases to the point that all or most of the current chooses
the slower breaker as the path of least resistance.

After the trip coils of the breakers are energized, it seems that one breaker is faster to open
than other. The faster breaker will establish arc resistance before the other breaker or
establish resistance faster then the other breaker. A lot of the time this appears to be
happening when the fault current is approaching peak or at peak. As can be seen on the
digital fault records, the arc goes from having enough resistance to start the transfer of its
current to the parallel breaker to enough resistance that all the current is transferred in 1-3
milliseconds. When the digital record is viewed it appears as if the current was cleared at
or very near its peak instead of a zero crossing.
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Figure 9-2

When Figure 9-2 is inspected closely, it becomes clear that what appeared to be some high
frequency noise on the 26F7 neutral during the last quarter cycle is not what it appeared to
be. The fault current from the 26R8 was transferred to the 26F7 by the increasing breaker
arc resistance in just 0.78 milliseconds on the last quarter cycle due to the differences in the
resistance of each breaker.
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Only 0.65 milliseconds after the current is transferred out of the 26R8 and into the 26F7,
the opening resistors of both breakers are inserted (Figure 9-3). After the opening resistors
are inserted the relative impedance of the parallel paths is back to approximately equal and
both breakers are again splitting the total current out of the line exit.

In Example Fault #7, the 32R8 current was transferred to the 32H9 at zero crossing (Figure
7-2). However, in the following fault examples (Figures 9-4 & 9-5 and 9-6 & 9-7) the arc
impedance transferred the fault current in one breaker to the other breaker close to peak.

This first example (Figure 9-4 & 9-5) was chosen because this station has all new gas
circuit breakers (GCBs). It is not as clean as the last record in this example (Figure 9-6 &
9-7) because in the last half cycle, not only is the current transferred from the 29H9 GCB to
the 29F7 GCB near peak but there also is an increase in total fault current because the other
end of the line has opened.
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Z9F7 & 20H3 X 331855 PETS 231404
29F7 & 29H3 Iy 700.288 207327 391.920
Z9F7 & 20H3 Iz 25111 11457 363657
29F7 & 29H9 N 1910840 0.000° 235.323
Totalized residual current in
29F7 and 29H9 GCBs for 2.5
cycles = 1910 amperes.
23H3 GCE IV 171767 173007 42008
Residual current in 290H9 GCB for
2.5 cycles =563 amperes.
29H3 GCE IN 563.382 4509 7078
Residual current in 29F7 GCB
for 2.5 cycles = 1370 amperes.
1370 + 563 totals 1933 amperes.
29FT GCE IN 1370562 3\EF0F 236563
499 562 2.4 63 .6 749 21
4 29F7 TCH2 N N 211259227360
4 Z8HITC 82 N N 21125237100
Figure 9-4
| Title RMS Phase Inetval  [4
29F7 & 29H3 X 306390 WL0ENS  IEHB
A and B phase poles of both breakers
and C phase pole of the 29h9 are
§ opened at this point. Only the faulted
C phase pole of the 29F7 GCB is
closed.
29F7 & 23H3 I 561.753 206123 39192
Also at this point Ic totalized = Ir totalized = Ic of the 29F7 GCB (not
monitored = Ir of the 20F7 GCB. Instantaneous values are the best
that can be shown to prove that point.
29F7 & 23H3 £ 2585067 7.699°
_ Totalized Ic & Ir increase for last half
<. cycle because other end of line breaker
opened.
29F7 & 23H3 N 245077 00007
29HIGEB I 147.708 1638800 21.004
: 23HIGEE IN 3531 118458
29H9 GCB residual transferred to the
€/ZE)F'! GCBin2.4mS
29FTGEBIN 1883.269 367594
409 6.2 62.4 686 749 1.1 874
N 29F7 TC #2 N N 211253222360 2112
R N _PQHG T #7 1) 211289299100 7117
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A
i I
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: |
i |
. i
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A\
F I
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¥ I
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Figure 9-6
Title AMS Phase Instval 4
TB#2PTs@345kY XN 204337391 316365 19738813
TE#2PTs@M5KY YN 103928389 130267 -13496.257
TE#2FTs@M5KY  ZN 205213692 7O 270391.986
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EXAMPLE FAULT #10

In the following example (Figure 10-1) there was a phase-to-phase fault on the B and C
phases of a 138 kV line. This line uses a breaker-and-a-half scheme with five-cycle OCBs
of the same model and vintage. The primary relay operated and energized both trip coils
and both breakers started to open. The C phase of the 9B7 breaker established the arc
impedance prior to the C phase of the 9M9 breaker but the B phase of the 9M9 breaker
established the arc impedance prior to the B phase of the 9B7 breaker. The C phase fault
current of the 9B7 then transferred to the 9M9 and the B phase fault current of the 9IM9
transferred to the 9B7. See figure 10-1.

This fault has 1,977 amperes B phase and 1,882 amperes C phase totalized (9B7 + 9M9).
The 9M9 C phase has 953 amperes of the 1,882 total. The 9B7 has 1,882 (totalized) — 953
(OM9) =929 amperes C phase.

BUILAL s p
e o NS s

LR | R AAAARARAA S AR N

and 9B7 opened.

AR -

el \JUU\JUUUUUUUUK

AL
PV VYR

=] 1wz e g [] 499 98 1996 1907 3496 2895, (9494 oA 403

Figure 10-1

During the last 1.5 cycles of the opening of the breakers, observe that the 9M9 C phase
current increased to 1,883 amperes. The 9M9 is now carrying all the Z phase current. Also
notice that the 9M9 residual (In) has 1,885 amperes (Figure 10-2). Recall the fault in
Example #1 when the A phase pole of the 388 didn’t open and Ifaulted phase = Ir because there
was no current in the other two phases. If Ic of the 9M9 is 1,833 /181° and Ir of the 9IM9 is
1,835 /181° then Ia and Ib are zero. (Don’t forget that the middle breaker (9M9) can only
be polarized toward one line exit so the totalized current is 180° from the 9M9.) So if the
totalized Ic is now equal to 1,830 /0° then the 9M9 breaker is carrying all the Z phase

37 of 49



current. If there is no B phase current in the 9M9 then the 9B7 has to have the total Ib for
the fault.
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Figure 10-3 shows the distribution of currents for the initial BC fault.
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Figure 10-4

Figure 10-4 shows the current distribution after the transfer. The faulted C phase flows
through the CT to the fault. The 1,830 amperes C phase current flows through the DFR
(9MO 1z), it flows to the node where the 9M9 and 9W8 are totalized, but there is no C
phase current from the 9B7 so the 1,830 amperes flows through the DFR (9B7 & 9MO 1z).
It then flows through the DFR (9B7 & 9M9 In) but the DFR only measures 105 amperes
because 1,923 B phase amperes are flowing in the opposite direction (1,923-1,830 = 93
amperes, but don’t forget the 7.5 amperes A phase [current flow due to opening resistor]
and now it’s up to 100 amperes). The 1,830 amperes C phase then has to return to its CT
so it flows through the DFR (9M9 In) and the DFR measures 1,830. Hence, as shown on

the DFR record in Figure 10-2, the 9M9 Ic is equal to the 9B7 & 9MO Ic is equal to the
OMO Ir.
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EXAMPLE FAULT #11

In this example, there is a three phase fault on a 138 kV line and the exit uses the breaker-
and-a-half scheme. The breakers are identical 5 cycle trip time OCBs. The 15M9 trip coil
got energized first and this breaker started to open and between 3 and 3.5 cycles into the
fault and all three phase currents of the 15M9 were transferred to the 15B7. As the 15B7
opened, it transferred only the C phase current back into the 15M9 for the last half cycle.
Hence, the 15B7 OCB cleared the A and B phase currents and the 15M9 cleared the C
phase current. (See figures 11-1 and 11-2.)
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1 \/ \/ ! BM13TBHZ138KVPTS XN 28315 75,862 6254
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i I
f |
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i I
f |
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A

f I
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B '
: I

I

10 \ L < 1987 & 1GMIFOURMILE) N 243885 303885 -257.957
: ' A phase of 15M9 transferred to 15B7, la=0

24 ¢ i 1513 0CB % 5000.637 1714310 1197.261
; l C phase of 15M9 transferred to 15B7
| ! /
i ' I

1 i ! \j’ 15M3 0CE N 635,951 P40 71412
: ! 5M9 open la, Ib & Ic all are zero between 2 points.
i |
: |

27 i ¢ w 17M3 0CE ¥ 2424109 BE5EET 1054100
; I
i I
i i

21 13M30CE z 870870 131.283° 425835
; 1
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i ! /\:ftl1e 13M9 reversed.

5 ; . 11M30CE N 142668 #2014 1ETI2
: i phase current of 17M9 & 11M9 increase as Y phase
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f |
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: I

= 25 12.5 [ \25‘ 25 374 499 62.4 749 874 008 123 1248 1373 1408 162.2 1747
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= 374 25 12.5 ] 125 35 374 4.9 524 749 T4 288 123 1245 1373 1495 163.3
] N 1567 TC N N 074543544520
11 ARk T Lk N7 AR A2 949E0
Figure 11-2

Would this be considered a re-strike? What is a re-strike? Papers written from
oscillograph records in the 60s and 70s showed re-strikes and explained that the current
was cleared for at least a half cycle but reestablished the arc in the breaker as the voltage
rose a half cycle later. They never mentioned things like the breaker contacts were fully
open when the arc reestablished. Whenever an arc re-strikes when a breaker is fully open,
its contacts are fully parted and the breaker is at maximum dielectric strength there is
probably something wrong with that breaker. In this case the fault was never cleared and
the breaker was only a portion of the way through its travel when the current was
transferred to the parallel breaker due to its high arc resistance relative to the parallel
breaker. Therefore the breaker did not establish enough dielectric strength in the arc path
to avoid re-ignition or re-striking of the arc. This phenomenon is observed approximately
2-4 times per year on the Consumers/METC system. Although it took a DFR to figure out
what was going on here, once it was figured out it was abundantly clear that the old
oscillogams showed us the same thing. Breakers were inspected when oscillograms led us
down the path of thinking this phenomenon was a re-strike and nothing was ever found.

This phenomenon probably isn’t just occurring on Consumers/METC breakers. If at least
one individual breaker is not monitored it will never be observed. Hence, it’s probably
been occurring for years on other systems that don’t monitor an individual breaker in the
breaker-and-a half schemes and they haven’t noticed it. Hopefully, if it were causing
problems they would have investigated and discovered the cause. Consumers Energy has
not encountered any problems with the breakers that exhibit this phenomenon.
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EXAMPLE FAULT #12

This example is similar to the previous example except here there is a single line-to-ground
fault on the C phase of the WM exit (See Figure 12-1). In this fault, the C phase fault
current from the 9M9 OCB is transferred to the 9W8 OCB. Now the 9W8 is carrying the
total C phase fault current. A half cycle later, the total C phase fault current from the 9W§
OCB is transferred back to the 9M9, so now the 9M9 is carrying the entire C phase fault
current. In one more half cycle the total C phase current from the 9M9 is again transferred
to the 9W8 OCB. (See figures 12-2 trough 12-4.)

Here a problem was anticipated due to the additional current transfer and because for some
reason the 9W8 trip coil dropped out when the breaker 52a contact opened but picked back
up and remained energized until the end of the record. A scheduled inspection of this
breaker is pending. It is expected that the actual trip coil couldn’t have been picked up for
too long (seconds or minutes) or it would have overheated and burned up. This line exit
has since been successfully test tripped so the trip coil is not burned up.

Other information to consider is that this was a simultaneous fault that started first on the
BM11 exit due to a broken standoff ground connection on a pole. The ground wire first hit
the BM11 exit line and tripped that line exit first so the 11B7 and 11M9 breakers are open
for most of the WMO exit line fault. As the B phase fault current is passed back and forth
from the 9WS8 to the 9IM9, the current has to pass through the 7M9 OCB and the current on
this breaker can be seen flopping 180° every half cycle from the time of the first transfer
until the fault is cleared. (See Figure 12-2)
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Figure 12-1
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EXAMPLE FAULT #13

In this fault, the line was reconductored between the breaker at station One and the switch
at station Two. Unfortunately the phases were rolled 120° as they were brought into the
switch at station Two. The line was energized from station One up to the clip on the open
switch at station Two. The blade side of the switch was energized from station Two. The
line was to be put in service by closing this switch at station Two.

The combination of the misalignment of the blades on the switch and the speed at which
the switch will close resulted in the C phase blade making contact with (what is now) the A
phase clip at least 7.5 cycles before the other phases made contact. Judging by the arc
resistance calculated into the fault and the fact that as the fault progressed the currents
increased slightly, the C phase blade actually arced to the A phase clip before they
physically made contact.

What this resulted in was an unbalanced phase-to-phase fault with ground return. The
breaker at station Two was tripped in 4.5 cycles by the instantaneous element of an
electromechanical ground relay and the breaker opened in 3.0 cycles for a total fault time
of 7.5 cycles. When the breaker at station Two opened the fault was cleared. There wasn’t
enough current to operate the instantaneous element of the ground relay at station One; if
the fault would have continued, the breaker at station One would have operated on the time
element.
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Figure 13-1 is an equivalent drawing. Based on the current recorded on the DFR record
from station Three the fault appears to be a single line-to-ground fault on the A phase.
From the digital relay record from station Four the fault appears to be a single line-to-
ground fault on the C phase, although the voltages tell a different story. Station Five is
electrically closer to station Four than it is to station Three.

Note that Figure 13-1 does not show the grounded-wye grounded-wye delta
autotransformers at stations Three, Four and Five but they need to be considered a source
and return for the ground current. Figure 13-2 is the record from station Three, Figure 13-3
is the record from station Four and Figure 13-4 is the record from station Five.
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CONCLUSION

Figure 13-4

No matter how much experience a person has, he or she can’t know everything. Being a
good fault analyst is as simple as just being able to recognize when things don’t look right.
Once you recognize that situation, the records and data should be examined much more
closely and the problem(s) will usually be found. In the process, experience is gained, and
future capabilities are enhanced.
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