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Abstract

There is a great deal of literature on ferroresonance, however only a modest amount
exists on ferroresonance in a Capacitive Coupled Voltage Transformer (CCVT)
secondary circuit. This case study will cover the events that led to this problem, a
description of ferroresonance, and a review of the relay event data. Ferroresonance can
damage equipment and may be difficult to detect. An analysis will show the impact on
protective relaying. The Authors hope that by detailing the conditions that led to this
problem, other engineers may avoid similar situations.

Background

The Pacific Gas and Electric Company (PG&E) is one of the largest combination electric
and gas utilities in the United States. It serves about 15 million customers in northern
and central California. Approximately 20,000 employees serve its 70,000 square mile
territory. It is a vertically integrated utility with Generation, Transmission and
Distribution assets. Its transmission system is made up of approximately 18,610 miles of
500, 230, 115, 70 and 60 kV lines.

Changes At Cottonwood

Cottonwood is a large substation in Northern California. It has 230, 115, 60, and 12.47
kV busses. The Cottonwood 115 kV Bus is a double bus, single breaker design. It is
connected to four transmission line breakers and two low side breakers on 230/115 kV
transformers. A bus tie breaker is utilized for bypassing breakers during clearances. A
set of wire wound Potential Transformers (PTs) was connected at the south end of Bus 1
and Bus 2. These supplied potential inputs to various relay schemes through panel board
mounted bus potential transfer switches.

Due to load growth, a new 115 /12.47 kV transformer was needed. The project team
decided that the best course of action was to extend the 115 kV Bus to the south to add
one additional bay for bank 6 and circuit breaker 422. See Figure 1. The existing 115 kV
wire wound potential transformers were in the way of the bus extension. The decision
was made to install two new sets of three phase CCVTs instead of relocating the PTs.
This would make construction and clearances easier and would replace the old equipment
with new. No other wiring changes were made to the potential circuits feeding the relay
schemes at Cottonwood.
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Figure 1. Cottonwood 115 kV Bus after changes

Problems At Cottonwood

About two months after the new CCVTs were released for service, 115 kV disconnect
switches were operated as part of switching to clear Bus 1. While this switching was in
progress all of the microprocessor relays connected to one bus closed their alarm
contacts. Field personnel returned the switching setup to normal, but the alarms
persisted. On site electric technicians briefly opened the secondary potential cutout
switches to disconnect the load from the CCVTs and all alarms reset. The clearance was
rescheduled. Two days later similar switching was in progress and again all relays went
into an alarm state. This time protection engineers were notified.



The microprocessor relays that were in an alarm state were put through their self testing
mode. No problems were reported. Protection engineers requested that the electric
technicians trigger an event in one of the relays to record all analog inputs. The relay
event was downloaded in a filtered format and reviewed. No significant problems were
seen on the event, but the relays were still alarming. Protection engineers then requested
the same relay event in an unfiltered format. This showed large deviations in the voltage
waveforms and phasors when viewed with the manufacturer’s software. We concluded
that this was an underdamped or critically damped resonance problem. This was
primarily based on the voltage phasors, which follow a regular pattern that is roughly
cardioid in shape. Later analysis showed that this was a correct conclusion but based on
an incorrect interpretation of the phasor plots.

This paper will discuss ferroresonance phenomenon, the causes of the ferroresonance, an
analysis of the relay events, and the impact of ferroresonance on protective relaying at
Cottonwood.

Ferroresonance

Ferroresonance refers to an oscillatory and chaotic phenomenon caused by interaction of
the inductive reactance of a saturable magnetic device (such as a transformer) with the
capacitive reactance of the system components [1]. A formal definition maybe the
following: “An irregular, often chaotic type of resonance that involves the nonlinear
characteristic of iron-core (ferrous) inductors” [2]. Figure 2 is a typical representation of
the 3 phase voltages during ferroresonance on phase B.
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Figure 2. Typical ferroresonance condition occurring on phase B [3]



During resonance, the capacitive and inductive elements are nearly equal with opposite
values and constitute a series-resonant circuit. Very high transient or sustained
overvoltages can be generated across the system elements, which can damage system
equipment. The current is only limited by the circuit resistance, and therefore may be
very high during this condition.

Ferroresonance related overvoltages in distribution systems were first noted in the early
1900s and some of the first analytical works were presented in [4] [5]. A thorough
analysis of ferroresonance requires detailed modeling of the saturable inductance
(including core and mutual coupling variables) and the various capacitances involved,
and are beyond the scope of this paper. Despite the nonlinearities, analysis of the
following system with linear elements can illustrate the phenomenon and help in
understanding the resulting overvoltage conditions. Consider the following series RLC
circuit in Figure 3 with R = 0 for simplicity [6].
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Figure 3. Series RLC circuit with Linear Elements

With R =0, V, can be found using the voltage divider principle as follows:
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For illustrative purposes, let’s assume that X, /X, =0.9,
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The voltage across the inductance V, , would be 10 times the source voltage, V.

Similarly, the voltage across X, in this case would be:

©)

It can also be deduced that as the value of X approaches X, the voltages across these
elements increases. Also note that the current is only limited by the value of resistance
and can take a high magnitude depending on the value of R as shown by Figure 4.
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Figure 4. Current vs. Xc in a series RLC circuit

Different Types of Ferroresonance
Many different types of ferroresonance conditions can occur. Some of the common

events that can lead to ferroresonance are as follows [7]:

1. Manual (single phase) energization of cable fed (or with sufficient shunt capacitance
connected) transformers after one phase is closed as shown by Figure 5.

Figure 5. Single phase switching of a cable fed transformer (one phase closed) [7]



2. Single phase de-energization of a cable fed (or with sufficient shunt capacitance
connected), unloaded transformer as shown by Figure 6.

Figure 6. Single phase opening of an unloaded transformer [7]

3. During ground faults (on 3 wire systems) or during minimum loads with sufficient
capacitor banks on line, when the system is energized by islanded distributed
generation as shown by Figure 7.
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Figure 7. Series resonance condition between DG and feeder capacitor bank



4. Self excitation of induction Distributed Generators (DG) with sufficiently connected
capacitance during islanded conditions.

The phenomenon of self-excitation of induction generators has been known for many
years. It occurs when an isolated generator is connected to a system having capacitance
equal to or greater than its magnetizing reactance requirements. Depending on the value
of the capacitance and the kilowatt loading on the machine, terminal voltages as high as
1.5 to 2.0 per unit can be produced. Studies have shown that a special case of
ferroresonance, which can cause overvoltages of over 3.0 per unit, can also occur [8].

These overvoltages are produced by the discharging of the system capacitance through
the highly non-linear magnetizing reactance of the system transformers as they pass into
and out of a saturated condition. The result is high overvoltage and distorted waveforms,
which not only contain the fundamental power system frequency but also all the natural
resonant frequencies of the distribution circuits excited by the ferroresonant pulses. The
following conditions must exist for ferroresonance to occur:

A. The DG must be separated from the utility source (the islanding condition).
B. The kilowatt load in the island must be less than 3 times the rating of the DG.
C. The system capacitance must be between 25 and 500 percent of the DG rating.

D. There must be at least one transformer connected to the island.

If all these conditions exist and ferroresonance occurs, the techniques for mitigation
become paramount. Studies have shown that all types of generators (induction and
synchronous, single-phase and three-phase) are susceptible. All types of transformer
connections (Wye-Delta, Delta-Wye, Wye-Wye, and Delta-Delta) are also susceptible

[8].

Surge arresters will clip the peaks of the overvoltages, but will not suppress the
ferroresonance. Unfortunately, the arresters may be damaged thermally in the process.
An isolated distribution system generator can theoretically support as much as three times
the generator’s rated output power in a ferroresonant mode provided the prime mover has
the needed inertia or torque available at the abnormal isolated speed.

The most practical solution is to trip the DG from the system and remove the driving
source.



5. Ferroresonance in VVoltage Transformers.

Ferroresonance can occur in CCVTs. This is a direct consequence of the non-linear
magnetizing characteristic of the voltage transformer. A single phase voltage transformer
connected to a station bus can be driven into ferroresonance by the switching transients
that occur when the bus is isolated from the power system by one or more circuit breakers
having grading capacitors.

When a station bus voltage transformer is energized through the grading capacitance of
open circuit breakers, two 60Hz steady-state operating modes are possible. One mode is
the normal or “low voltage operating mode”. The other mode corresponds to the series-
ferroresonant or “high voltage operating mode”. Electrically, the resonance represents a
forced oscillation in a linear L-C circuit. The ferroresonant mode refers to a forced
oscillation in an L-C series circuit, where the voltage transformer behaves like a non-
linear inductance [9].

In both modes, the source delivers enough energy through the breaker grading
capacitance to maintain the oscillation. The energy supplied by the source is just enough
to compensate for the circuit losses during these two steady-state operating modes.
Although distorted in the ferroresonant mode, the circuit voltages and currents will
always contain a component at the source frequency. If the magnitude of this component
is the largest of all the circuit quantities, the phenomenon is called “Fundamental
ferroresonance”. This ferroresonant mode is the most common [9].

The problem that occurred at Cottonwood does not match any of the typical types of
ferroresonance detailed above. The problem was caused by leaving in place some
auxiliary potential transformers in the CCVT secondary circuit. It appears that the arcing
that occurred during disconnect switching generated noise on the 115 kV Bus. This in
turn created a resonance problem at multiple frequencies that persisted for several hours.
The following sections detail the case study of what happened at Cottonwood substation.

Relay data

The Cottonwood 115 kV system consisted of about 80% microprocessor based relays of
various vintages and about 20% electromechanical relays. All of the microprocessor
based relays at Cottonwood had automatic self testing and manually initiated self testing
capabilities. Relay self tests did not indicate any problems or cause for the alarms. Since
relays on multiple lines had alarmed and the relay self testing did not reveal any
problems, attention was focused on the potential circuits as they were common to all
relays connected to the same bus.
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All microprocessor based relays apply sampling and filtering methods to the current and
potential inputs before the protective algorithms are applied to the data. Many different
methods are used with different results and each manufacturer claims that their method is
superior. In general, the filter cut off frequencies are set for some value above and below
60Hz, so that their protective functions are immune to higher order harmonics and DC
offset. Most electromechanical relays, on the other hand, do not intentionally filter the
analog values that they operate with, however due to their internal components some
filtering is inherent in their design.

A few of the microprocessor relays at Cottonwood allow the user to download event files
containing filtered analog values and unfiltered analog values. At the request of
protection engineers, one of these relays was manually triggered to initiate and store an
event. The filtered version of the event was downloaded and emailed in for analysis. See
Figure 8.

CTWD. CB 132 DEV. 121/167N-132
FID=SEL-321-1-R420-V656112ph-D980806
CURRENTS (pri) VOLTAGES (kV pri) RELAY ELEMENTS OUT  IN

2777770 555566L 1357 1357
ABCABCO 31110770 &&&& &&&&

IR 1A 1B 1C VA VB VC BCAGGGS 2NQPPNQP 2468 2468
-2 -39 94 -56 -21.1 66.1 -36.5 ..., ... Lo.. ... 145.
-1 -87 11 74 -61.9 9.2 57.9 ... ... ... Lo.. ... 145.
1 39 -94 56 29.0 -64.4 33,4 ... ... 145.
-1 86 -11 -76 69.5 -5.5 -61.0 _...... .... Lo.. ... 145.
-2 -40 94 -55 -18.5 69.1 -43.4 ... ... ... 145.
-1 -86 10 76 -58.4 20.3 50.3 ... ... 145
0 40 -94 54 22.3 -66.4 354 ... ... Lo ... 145.
-1 85 -10 -76 61.3 -8.0 -58.4 _...... ... Lo.. ... 145
-1 -41 94 -54 -30.3 64.6 -32.7 . ... Lo.. ... 145.
-1 -86 9 76 -69.3 4.1 62.4 ... ... ... 145.
1 41 -94 53 20.1 -69.4 42.5 (... ... Lo.. ... 145.
-1 85 -8 =77 57.5 -19.0 -52.4 ... . ... Lo ... 145.
-2 -43 94 -53 -23.4 66.6 -33.6 ..., .... Lo.. ... 145.
-1 -85 7 77 -60.7 6.7 59.7 ... ... Lo ... 145.
0 43 -95 52 31.5 -64.8 30,0 ... ... 145.
-1 84 -7 =77 69.1 -2.7 -62.0 _...... ... Lo.. ... 145.
-2 -44 94 -52 -21.7 69.5 -40.7 ... ... 145.
-1 -84 6 77 -56.6 17.7 51.7 ... .. ... Lo.. ... 145.
2 44 -94 52 24.6 -66.8 32.9 ... ... Lo.. ... 145.
-1 83 -6 -78 60.1 -5.5 -59.9 _...... ... 145.

Event: EXTC Location: $$$$$$ Frequency: 59.9

Targets: EN V1 Mem: 61.6 / O

Figure 8. Partial filtered relay event text
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The filtered event file was checked and the analog values were viewed with the relay
manufacturer’s software. The oscillographic view in Figure 9 did not reveal significant
problems.

A later, more thorough review of the relay event, revealed that there was a significant
variation in the magnitudes of the sampled values for Va, Vb and Vc. See underlined
values in Figure 8. Typically, every other line should be very close in magnitude in this
4 sample/cycle format. The voltages varied by more than 20% within a few cycles in the
filtered event file.
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The technicians were then requested to download and email an unfiltered copy of the
same relay event file in 16 sample per cycle format. A partial copy of this version is
shown in Figure 10.

CTWD. CB 132 DEV. 121/167N-132
FID=SEL-321-1-R420-V656112pb-D980806
CURRENTS (pri) VOLTAGES (kV pri) RELAY ELEMENTS OUT  IN

2777770 555566L 1357 1357
ABCABCO 31110770 &&&& &&&&

IR 1A 1B 1C VA VB VC BCAGGGS 2NQPPNQP 2468 2468
-2 73 8 -84 96.9 9.4 -88.3 ... ... L.... e e
-2 52 42 -95 68.2 37.5 -98.0 ....... I .. 145.
-0 17 71 -89 21.0 67.3 -97.2 ....... ..L.. .. 145.
-3 -20 89 -71 15.4 08.8 -81.9 ....... ..L.. .. 145,

1 -56 97 -41 0.4 110.6 -52.7 ... .... ..L.. .. 145.
-3 -78 85 -10 -25.8 101.2 -24.8 ....... ..L.. .. 145.
-2 -95 62 31 -42.5 84.8 -5.8 ....... ..L.. .. 145.
-3 -95 34 59 -52.3 22.8 12.3 ....... I .. 145,
-1 -75 -7 81 -49.0 26.1 34.7 ....... ..L.. .. 145.

1 -52 -40 92 -29.5 8.1 47.3 ... ... ..L.. .. 145,
-2 -18 -69 85 -9.4 -15.0 49.9 ....... ..L.. .. 145.

1 20 -87 68 19.1 -38.3 39.2 _...... I .. 145,
-0 56 -94 38 41.3 -49.4 19.7 . ...... ..L.. .. 145,

3 7 -82 7 62.1 -49.7 -4.6 ....... ..L.. .. 145.
-2 94 -60 -35 65.4 -36.7 -30.4 _...... I .. 145,

1 92 -29 -62 34.6 -14.2 -55.0 ....... ..L.. . 145.
-2 73 10 -85 28.5 8.8 -68.8 ....... I .. 145,
-2 50 43 -95 22.1 35.4 -64.1 _._...... ..L.. .. 145,
-1 15 71 -88 5.9 55.8 -52.8 ....... ..L.. .. 145.
-3 -23 90 -70 -17.4 66.5 -24.8 ....... I .. 145,
-1 -57 97 -41 -44 .3 51.5 3.4 (. ..... ..L.. .. 145,
-2 -79 85 -8 -77.4 29.8 22.6 ....... I .. 145,
-1 -95 61 33 -104.3 26.8 47.7 ... ... ..L.. .. 145.
-2 -95 33 59 -106.3 7.3 70.4 ... .... ..L.. .. 145,
-2 -74 -9 81 -96.1 -10.5 86.9 ....... .-L.. .. 145.

2 -50 -40 93 -66.0 -39.3 95.7 ....... I .. 145,
-2 -16 -70 84 -18.9 -68.7 95.4 _...... ..L.. .. 145,

1 22 -88 67 -14.8 -100.3 75.5 ...... .-L.. .. 145.
-2 57 -95 36 0.9 -110.3 51.4 _...... ..L.. .. 145.

3 79 -81 5 27.1 -100.5 24.3 ... .... ..L.. .. 145,
-1 95 -59 -36 43.3 -83.1 10.2 ....... I .. 145,
-0 92 -29 -64 52.5 -21.9 -11.7 ...... ..L.. . 145.
-2 73 11 -86 48.5 -25.8 -35.9 ....... .-L.. .. 145.
-3 48 45 -97 28.4 -6.9 -47.3 ... .... ..L.. .. 145.
-0 14 71 -86 8.1 16.3 -49.6 ....... ..L.. . 145.

Event: EXTC Location: $$$$$$ Frequency: 59.9
Targets: EN V1 Mem: 61.6 / O

Figure 10. Partial unfiltered relay event text
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The unfiltered event file was viewed with the relay manufacturer’s software. The
oscillographic plot, shown in Figure 11, has significant waveform deformation.
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Figure 11. Oscillographic view of unfiltered analog inputs
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After noting the severe waveform deformation in the oscillographic format of the
unfiltered event, engineers decided to view the unfiltered data in phasor format. Figure
12 shows the path traced by each of the voltage phasors over time.
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Figurel2. Va, Vb, and Vc phasors from unfiltered event
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Based on the phasor plots, protection engineers concluded that there was a resonance
problem. The relay manufacturer later informed us that the oscillations observed in the
phasor format are due to the analysis software trying to reconstruct a sine wave from
sampled data that contains an offset. The oscillographic plot however, is a fair
representation of the analog values feeding into the relay. It is interesting to view the
phasor plots with its consistently repeating swings, especially since the oscillographic
format is not consistently the same. Further data will show that there was definitely a
resonance problem at multiple frequencies.
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270

Figurel3. Va, VDb, and Vc phasors from filtered event

Even the filtered event phasors have some variation in magnitude and angle. During the
eleven cycle event, the voltage phasors swing through up to 18.5 degrees and the
magnitude varies by up to 21.7%. Superimposing a fault on these oscillating voltage
phasors will result in errors in reach on a microprocessor based distance relay. These
differences will be even greater on an electromechanical distance relay since it does not
have the same filtering as modern microprocessor based relays.
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Figure 14. V1 from filtered event Figure 15. V1 from unfiltered event

Inspection of the phasors in Figures 14 and 15 above shows a significant difference in the
magnitude and angle of swing in the unfiltered and filtered event data.

180

270

Figure 16. V2 from filtered event. Figure 17. V2 from unfiltered event

Scale increased

Figures 16 and 17 show the oscillating nature of the calculated V2 phasors. The filtered
V2 swings through 360 degrees and peaks at 10.5% of the nominal phase voltage. This
will have an impact on directional ground relaying using V2 polarizing. This impact will
be more significant on long lines where end of line faults may result in low values of V2.
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Figure 18. Vo from filtered event Figure 19. Vo from unfiltered event
Scale increased

Figures 18 and 19 above show the oscillating nature of the calculated Vo phasors. The
filtered Vo swings through 135 degrees and has up to 8.5% of the nominal phase
voltages. That means that relays using 3Vo polarizing will have up to 25.5 % of nominal
voltage due to ferroresonance. This will have an impact on microprocessor directional
ground relaying using 3Vo polarizing. The impact on electromechanical directional
ground relays using 3Vo polarizing will be even larger due to the fact that they do not use
the same filtering on their voltage inputs. This may cause problems on long lines where
end of line faults (EOL) may result in low values of 3Vo.
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Harmonic Analysis
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Figure 20. Harmonic analysis of voltage input

The ferroresonance at Cottonwood was a secondary problem on the CCVT circuit. The
harmonic content changed drastically during the 11 cycle recorded event. Figure 20
shows the total harmonic content of the unfiltered Vb input to the relay during the event
triggered at Cottonwood. The harmonic composition shown in Figure 20 is a snapshot of
the worst 1 cycle in the 11 cycle event file. If the harmonic analysis is run for an 11
cycle window instead of a 1 cycle window, the total harmonic content is much lower. If
the harmonics are reviewed for successive 1 cycle windows in the relay event the various
harmonic magnitudes appear to increase and decrease in a repeating pattern. The
manufacturer’s software only calculates harmonics from the fundamental through the
seventh harmonic and does not show the frequencies between harmonics. Other plots
indicate there may have been sub harmonics in the 15 to 20 Hz range. The primary
arcing caused by the disconnect switching at Cottonwood appears to have created
ferroresonance at many different frequencies.
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Methods of Ground Polarizing

There are several different methods of polarizing directional ground relays. All methods
requiring voltage would have been affected by the ferroresonance problem at
Cottonwood. The most common methods of polarizing ground relays at PG&E are:

1. 3Vo or broken delta polarizing
2. V2 negative sequence voltage polarizing
3. Z2 or negative sequence impedance polarizing

3Vo or Broken Delta polarizing

Broken delta voltage polarizing is the most common method used for electromechanical
directional ground relays at PG&E. This method has been used for many decades. It
works well but can be adversely affected by lines with strong mutual impedances, tapped
infeeds, or high zero sequence line impedance.

For electromechanical relays, the broken delta potential must be created with either a
second winding from the potential transformer or by using a 3 phase auxiliary potential
transformer connected to the secondary potential circuits. Some old wire wound
potential transformers were only ordered with a single winding and ratio. This required
the use of an auxiliary potential transformer to create the broken delta voltage. At some
substations, due to the long distances from the PTs to the control building, it was more
economical to install auxiliary potential transformers than to run the extra control wires
needed for the broken delta voltages.

Microprocessor relays often have the equivalent of broken delta polarizing available as a
setting option. These relays rely on a calculated 3Vo quantity from the Va, Vb, and V¢
inputs. This reduces wiring and costs. In general, PG&E prefers the use of V2 or Z2
polarizing when available over the use of 3Vo.

V2 or Negative Sequence Voltage Polarizing

Negative sequence voltage polarizing is difficult and expensive to achieve with
electromechanical and solid state relays so its applications were limited. On modern
microprocessor relays, V2 can be easily calculated. Most microprocessor relays allow
this as a setting option and some require the use of V2 polarizing. This method is
generally used at PG&E on relays that do not have Z2 polarizing. On some long lines,
the available quantity of V2 may be inadequate.
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Z2 or Negative Sequence Impedance Polarizing

Negative sequence impedance polarizing has only been available for about 10 years.
This method calculates the negative sequence impedance at the relaying point and
determines a fault direction from the magnitude and the sign of this quantity. There have
been several previous technical papers presented on this method [10]. Z2 polarizing is
generally used at PG&E when it is available.

Polarizing issues

Correctly polarizing directional relays is just as important as setting the minimum to trip
low enough to detect faults. If relays are not wired correctly or are not set correctly or do
not have enough polarizing quantities they will not trip. PG&E seems to have more
ground polarizing issues that other utilities. This may be due to long lines, high fault
duty busses and tapped infeeds on many of our transmission lines. All protection
engineers need to be aware of polarizing issues because failure to polarize equals
failure to trip.

Electromechanical relays typically require several volt amps to operate their directional
contacts. Modern microprocessor relays can polarize with as little as 0.1 volt amps.
These values are so low that modern relays are no longer a limiting factor to correct
polarization. This does not mean that polarizing can be ignored.

There are many factors external to the relay that can create standing zero sequence and
negative sequence voltages and create polarizing problems [11]. Other errors can also
affect correct polarizing. These include the following:

— CCVT/PT magnitude error
— CCVT/PT angular error

— Non Transposed lines

— Load unbalance

— Modeling errors

— Fault resistance

Due to all the sources of error and the criticality of polarizing, protection engineers
should never rely on the minimum polarizing quantities published in relay manufacturer’s
specification sheets. Consider a case where these errors result in 2 volts of standing
negative sequence unbalance on the relay and an end of line ground fault that can only
develop 1.8 volts at the relay location. A ground fault on a certain phase could result in
1.8 volts plus 2 volts of polarizing while ground faults on other phases could result in 1.8
volts minus 2 volts or -0.2 volts on the relay. Tripping for A-G faults but not for B-G or
C-G faults is not acceptable. Significant safety factors should always be applied when
determining minimum acceptable polarizing quantities.
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Recommended minimum polarizing quantities at PG&E.

3Vo - Broken Delta 5 volts on the relay
V2 — Negative sequence voltage 2.5 volts on the relay
Z?2 - Negative sequence impedance Case dependent

Auxiliary Potential Transformers
Auxiliary potential transformers have many uses in the industry and at PG&E.

» Used to minimize wire runs to control building

» Used to create broken delta potential to polarize directional ground relays.

* Usedas 1.73/ 1 step-up or step-down transformer.

» Used to provide 30 degree voltage shift to voltage restrained overcurrent relays in generation
plants.

PG&E has purchased hundreds of these transformers for substation and power plant use.
Most are YT 1557 model, three phase transformers. These have been manufactured since
at least 1942 [12].

@ GENERAL@D ELECTRIC w

TYPE YT-1557-M THREE-PHASE POTENTIAL TRANSFORMER
CAT.NO. 760X2961 SER. NO. H112292

FOR 600 VOLT CIRCUIT 6 0 CYCLES
CONNECTIONS

Hs Hy
T

x

ALI¥YI10d
ALIHYT0d
ALlEvI0d

Xy X
PRIMARY SECONDARY VOLT-AMPERE RATING
CONN. VOLTAGE CONN. VOLTAGE CONTINUOUS ONE MINUTE
¥N-H|-Hp-H3 199 3 PH L-L X - Xy 115. BROKEN DELTA 300 1500
N-Hg-Hg-Hg 115 3 PH L-L X - Xq 115. BROKEN DELTA 200 800
Hy-Ha-H3 199 3PHL.L XXy-Xp-Xg 115 3 PHL-Le» 300 PER PH
Hg-Hs-Hg 115 3PH L-.L  XXy-Xz-Xg 115 3 PH L-L 200 PER PH.

*WITH THIS CONNECTION AND BURDEN, Hy4-Hg -Hg WILL CARRY CONTINUOUSLY AN
ADDITIONAL BURDEN OF 180 VA (60 VA PER PHASE) 3 PH AT 115 YOLTS LINE TO LINE.

**WITH THIS CONNECTION THE SECONDARY LINE TO LINE VOLTAGE IS DISPLACED
30 ELECTRICAL DEGREES FROM THE PRIMARY LINE TO LINE VOLTAGE.

-y NP77sas INST. GEH-230 MADE IN U.S.A.

Figure 21. Nameplate of YT-1557 auxiliary potential transformer

21



A 120/208V AC
From vo/toge fransformer

i ! | N
T 0 b
A Em
opP-
4/—| To Device l6]
&~| and meters
3') el | _4/__
Im » ? 30 HEY g HA
| uuu W "”
| W
|
X A3 Xe Xl /it D
—|— — " | Polarizing voltage
Oi Oi— to Device 167N

Figure 22. Typical connection of a YT 1557 at PG&E

Meters and Synchroscopes were usually rated for 120/208 volts. Electromechanical
directional phase overcurrent relays generally used 67/115 volts for polarizing.
Directional ground overcurrent relays used broken delta voltages. Figure 22 shows a
typical connection of a YT 1557 to accomplish this with only one set of potential wires
from the voltage transformer.

Cottonwood had several YT-1557 transformers when it only had electromechanical
relays. Over the years, all of the line terminals had been replaced with microprocessor
relays except for one. Two YT-1557 transformers were still connected to each set of
potential circuits. Only one set was still in use at the time of these events.

Modern pamphlets on the YT-1557 do warn that they should not be used on the

secondary of CCVTs [13]. This issue was not recognized during the CCVT installation
at Cottonwood.
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“The Type YT-1557 is an auxiliary three-phase voltage transformer designed
for indoor use. It is intended for use with wye-wye voltage transformers with
grounded primary neutral to provide polarizing voltage for directional ground
relays. It is also used to provide 115 Volts line-to-line for directional-phase
relays, where the voltage transformer output is 115 Volts line-to-neutral. The
YT-1557 can also be used to provide line-to-line voltage of the correct phase
relation to energize distance relays protecting a transmission line. It will also
provide an output voltage 30 degrees displaced from the input voltage when
synchronizing across a delta-wye or wye-delta power transformer. Important:
These transformers are for use with induction type voltage transformers and
should never be used with capacitance potential devices, as they are not
specifically fluxed for reduced risk of ferroresonance [13].”

Capacitive Coupled Voltage Transformers

CCVTs are applied around the world to step high voltages down to lower control
voltages. They are composed of a simple voltage divider with a secondary transformer.
Other components are used to correct the phase angle and to reduce transients. Figure 23
shows a simplified diagram of a CCVT.

Line Voltage
._
C —— L
I
Y YY)
o————— S
Compensating Reactor
CcC —— Step-Down Relays
T Transformer
[ O

Figure 23. Simplified diagram of a CCVT
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Ferroresonance is a known risk with using CCVTs. Some possible causes of
Ferroresonance are:

— High Speed reclosing following a fault

— Clearing a secondary potential fault

— Operation of the potential ground switch

— CCVT burden that includes a “Non Linear Load”

CCVTs generally use two types of ferroresonance suppression circuits. There are
significant differences in the transient response characteristics between the passive
suppression and active suppression methods. The design of the two types of
ferroresonance suppression circuits shown in Figure 24 is vastly different.

Relay Voltage Relay Voltage

Lf Rf

Step-down Transformer Secondary
Step-down Transformer Secondary

Active Passive

Figure 24. Active and Passive ferroresonance suppression circuits
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The CCVTs installed at Cottonwood have a schematic similar to the one shown in Figure
25. The ferroresonance suppression circuit is item #5. It shows a box with a Z inside.
From this information alone it is impossible to determine from the manufacturers
literature what type of suppression circuit is provided in the unit.

1 ~ HIGH VOLTAGE TERMINAL
1 2 ~ SEZRIES REACTANC
3 — TRANSFORMER
4 — GROUND TERMINAL
% - FERRORESONANCE SUPPRESSION DEVICE
— — 6 — DAMPING RESISTOR
i - 7 — CARRIER (HF) TERMINAL
4, g 8 — OVERVOLTAGE PROTECTVE DEVICE
3 w 9 ~ CHOKE COIL AND GAP
- —ay 10 ~ POTENTIAL GROUNDING SWITCH
3 Jc = 11 — SECONDARY TERMINALS
=5 ... &= 12 — CARRIER GROUNDING SWITCH
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Figure 25. CCVT schematic [14]
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Manufacturers use language that warns against connecting “non linear loads” to CCVT
secondary circuits. Many engineers will not associate auxiliary potential transformers
with “non linear loads”. The second paragraph of the bulletin quoted below specifically
addresses auxiliary potential transformers. It suggests that auxiliary potential
transformers and relay coils be rated for twice the nominal voltage to avoid
ferroresonance.

“EFFECTS OF NON-LINEAR BURDENS ON CCVT’S

Caution must be used when applying non-linear (or magnetic) burdens with
CVT’s. The effect of a nonlinear burden on the CVT is to cause harmonics in
the output voltage and current which, in turn, may cause variation in ratio and
phase-angle errors, as well as increasing the voltage across the protective
device. During momentary over-voltage conditions, the non-linear burden may
cause gap flashover and thereby, interfere with the operation of the relaying
system.

Most relays, synchroscopes, voltmeters, and other generally used instruments
are essentially linear burdens up to twice normal voltage. Burdens with closed
magnetic circuits, such as auxiliary potential transformers or isolation
transformers, may not have linear characteristics over the entire voltage range.
If such devices are used in the secondary circuits, these should be selected to
that the iron core is operated at not more than one-half the flux density required
to reach the knee of the magnetization curve. For example, it is desirable to use
a 230:230 volt auxiliary potential transformer in the 115-volt circuit instead of
one having a 115:115 volt rating. The same precaution should be taken for relay
coils [15].”

CCVTs are generally designed to comply with ANSI C93.1 and C93.2 and usually
include specifications such as the following:

e “Ferroresonance suppression — Less than 10% of peak within 10 cycles at 110%
of maximum rated voltage” - CCVT Manufacturers literature[14]

CCVT manufacturers also suggest testing the ferroresonance suppression circuits
e  “After the unit has been inspected and tested to be in satisfactory condition, one

last test that the customer should consider to perform before connecting the
burden...” - CCVT Manufacturers literature[15]

Since this test is done with the burden disconnected, it does nothing to determine if the
load characteristic will create a risk of ferroresonance.
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Impact Of Ferroresonance On Protective Relaying

The ferroresonance that occurred at Cottonwood created sustained harmonics at many
different frequencies and resulted in abnormal V1 and standing V2 and 3Vo voltages.
This has different impacts on different types of relaying. Different models and brands of
microprocessor relays use different filtering. Electromechanical relays do not
intentionally filter the voltage inputs.

It is impossible to determine precisely the exact interaction between the different relays,
the ferroresonant voltages, and the changes caused by end of line faults. Calculated fault
currents and voltages superimposed on the measured ferroresonant voltages give an
approximation of what would occur.

Phase Distance Relaying

Microprocessor relays filter the voltage inputs. Even with filtering, they would still use
values that were constantly changing. The voltages changed every cycle from below
nominal to above nominal but tended to be higher than nominal. This would reduce the
effective reach of the relay. The shifting phase angles would most likely result in a
slightly shorter reach than expected.

Electromechanical relays do not intentionally filter their inputs. Some filtering is
inherent in the design and components used. Their potential inputs varied from 0.75 and
1.6 PU. This probably would have reduced the effective reach of the relay but the reach
would have been changing constantly. The shifting phase angle would have constantly
increased and decreased the relays reach.

Directional Ground Overcurrent Relaying

There are four transmission lines connected to the Cottonwood 115 kV Bus. These lines
are medium to long in length. The source impedance is relatively low. Available V2 and
3Vo values for end of line faults are quite low on the long lines.

If a standing 3Vo or V2 voltage was on the relay before a fault hit, it would add to the
3Vo or V2 produced by the fault condition. The standing value could be in phase to 180
degrees out of phase with the fault value or anywhere in between. Depending on the
phase angle of the standing value and the phase angle of the fault value, certain line to
ground faults would have increased polarizing and certain line to ground faults would
have decreased or even reverse polarizing.

The condition at Cottonwood was even more unusual. The standing 3Vo and V2 values
were not constant. Due to the ferroresonance, they changed magnitude and phase angle
constantly. Many of the following plots will show the standing values changed sign
frequently. This would have resulted in the directional contact or calculated polarizing
quantities to change from foreword to reverse and back constantly. If the fault values of
3Vo and V2 were not large enough to overcome this, the relays would not have tripped.
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Figure 26. Unfiltered 3Vo
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Figure 26 shows the unfiltered value of 3Vo recorded at Cottonwood using 16 samples
per cycle. The electromechanical directional ground overcurrent relays at Cottonwood do
not intentionally filter their inputs. There is however, some filtering taking place so the
relays will use a slightly filtered quantity. This waveform is not symmetrical, but the
peak positive and negative magnitudes are practically the same. The most important
thing to note from this plot is the magnitude of 3Vo (up to +/- 60 volts) and that the value
is constantly changing from positive to negative.

Unfiltered 3Vo secondary: Standing vs EOL
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Figure 27. EOL 3Vo vs. Unfiltered Peak 3Vo

Figure 27 shows the calculated 3Vo value for end of line ground faults on four
transmission lines at Cottonwood. These are shown as positive values. The peak 3Vo
caused by ferroresonance is shown as a negative number. This peak alternated between
positive and negative. This illustrates that the standing value was so large that an end of
line ground fault would not have correctly tripped.
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Figure 28. Filtered 3Vo

Figure 28 shows the filtered value of 3Vo recorded at Cottonwood using 4 samples per
cycle. Several of the directional ground overcurrent relays at Cottonwood use this
sample rate although they use an older filtering method. The most important thing to
note from this plot is the magnitude of 3Vo (up to +/- 15 volts) and that the value is
constantly changing from positive to negative.
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Figure 29. EOL 3Vo vs. Filtered Peak 3Vo

Figure 29 shows the calculated 3Vo value for end of line ground faults on four
transmission lines at Cottonwood. These are shown as positive values. The peak 3Vo
caused by ferroresonance is shown as a negative number. This peak value alternated
from positive to negative. This illustrates that the standing value was so large that an end
of line ground fault would only have correctly tripped on the shortest line.
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Figure 30. Filtered 3V2 vs. Time

The filtered value of 3V2 shown in Figure 30 was recorded using 4 samples per cycle.
Several of the microprocessor relays at Cottonwood use this sample rate, although they
use an older filtering method. The thing to note from this plot is the magnitude of 3V2
(up to +/- 21 volts) and that it is constantly changing from positive to negative. The
relays use V2 for polarizing, so the peak V2 value is approximately 7 volts.
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Figure 31. EOL V2 vs. Filtered Peak V2

Figure 31 shows the calculated V2 value for end of line ground faults on the four
transmission lines at Cottonwood. These are shown as positive values. The peak V2
caused by ferroresonance is shown as a negative number. This peak value alternated
between positive and negative. This illustrates that the standing value was so large that
an end of line ground fault would only have correctly tripped on the shortest line.

30



Negative Sequence Impedance Polarizing

Negative sequence impedance polarizing is different than voltage only based methods.
The zero torque plane does not cross through the origin as it does in 3Vo and V2
polarizing. This method is based on the ohms from the relay to the closest negative
sequence source in front of the relay. Typically the zero torque area is positive and all
values below that line are foreword.

Figure 32. Negative Sequence Impedance Directional Element [10]

This method still relies on the magnitude and angle of the negative sequence voltage to
calculate directionality. The offset from the origin should make this method somewhat
better in overcoming the standing ferroresonant V2 values. The two long lines fed from
Cottonwood result in such low V2 values that superposition calculations indicate that
they probably would not have overcome the standing values.
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Figure 33. Calculated Z2 for the ferroresonance condition

Figure 33 shows the calculated Z2 value for the ferroresonant condition. This plot is
interesting but does not mean much as there was almost no negative sequence current
flow during this non fault condition. Figure 34 shows that end of line faults on the longer
lines out of Cottonwood only result in small voltage drops and therefore small V2 values.
These faults do still result in several hundred amps of 12. This will reduce the large
swings between foreword and reverse seen in Figure 33 above and for the two shorter
lines, this method would probably result in proper polarization.

EOL EOL Standing | Standing | Standing
Fault V2 3Vo V2 3Vo 3Vo Trip by Trip by Trip by Trip by
Unfiltered
Location From | ASPEN Filtered Filtered Unfiltered Filtered V2 | Filtered 3Vo 3Vo z2
Trinity 1.01 2.15 6.7 volts | 28 volts 60 volts No No No No
Bridgeville | 0.57 1 6.7 volts | 28 volts 60 volts No No No No
Cascade 2.68 4.65 6.7 volts | 28 volts 60 volts No No No Yes
Panorama | 12.12 31 6.7 volts | 28 volts 60 volts Yes Yes No Yes

Figure 34. Summary Table of Different Polarizing methods

The summary of the results from superposition analysis are shown in Figure 34 for the
various types of ground polarizing. If the relay will not correctly polarize for end of line
ground faults, it will not trip.
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Solution at Cottonwood

The conditions that led to ferroresonance at Cottonwood could not continue due to the
risks involved. The only way to eliminate this risk with the CCVTs was to remove the
auxiliary voltage transformers. There were two options to accomplish this. The second
winding on the CCVTs could have been connected as a broken delta, and wired from
both sets of CCVTs to the potential transfer switch for the one remaining
electromechanical directional ground relay. This would have required several runs of
potential wires more than 1000 feet. The more economical solution was to replace the
one remaining electromechanical ground relay with a microprocessor based relay. The
new microprocessor relay did not require broken delta voltage inputs as it is calculated in
the relay. This allowed removal of the auxiliary potential transformer.

Conclusions

The microprocessor relays at Cottonwood alarmed by an undocumented waveform offset
algorithm. This feature should be better explained and documented in relay manuals. It
is unknown if all brands of microprocessor relays include this alarm feature. If this
feature had not been present in the relays at Cottonwood, the ferroresonance would have
gone undetected for a longer period of time. This may have caused equipment damage
due to overheating or overvoltage. Longer lasting events would have increased the
probability of a fault occurring at the same time as the ferroresonance.

This problem was treated urgently as there was concern that the ferroresonance might
result in failure to polarize and failure to trip for transmission line faults. The analysis
conducted later confirmed that this was a valid concern, as not all methods of ground
polarizing would have worked reliably on the various lines at Cottonwood. Multiphase
faults at the end of line may not have tripped as well.

CCVTs are widely used in industry and are economical at higher voltages. Even though
they have ferroresonance suppression circuits, care must be taken when applying them to
minimize the risk of ferroresonance. The amount and type of burden must be carefully
checked to ensure that no “non linear” loads are present. Failure to do this could result in
equipment damage or failure to trip during faults.
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