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Abstract: Shunt reactors are applied on medium or long extra high voltage transmission
lines to compensate for their natural capacitive charging currents, which otherwise
would cause over-voltages under light load conditions. However, when the level of
compensation approaches around 65% or higher, these reactors themselves can become
the cause of hazardous over-voltages during unbalanced open-phase conditions on the
healthy line. This paper reports on an over-voltage incident that occurred on a 500 kV
72% shunt compensated line in the BC Hydro System. The over-voltage occurred when
one of the breaker poles failed following an inadvertent three-phase trip of the line. The
failed breaker pole continued to conduct and kept one phase of the line energized for an
extended period. Over-voltages during the two open-phase condition eventually led to
surge arrestor failures at both terminals. Analysis of the event, with reference to simple
L-C circuit equivalents, is presented and methods to mitigate such occurrences are
discussed.

Keywords: Shunt Compensated Lines, Open-phase, Transmission Line Over-voltages,
Series Resonance, Ferranti-Effect.
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1.0 Introduction

A transmission line has natural inter-phase and phase-to-ground capacitances that
produce significant charging currents for medium to long extra high voltage (EHV)
transmission lines. The receiving terminal voltage of the line can become higher than the
sending terminal due to the capacitive currents under open terminal or light load
conditions (less than surge impedance loading). This phenomenon is commonly referred
to as “Ferranti-Effect”. In an ideal lossless line (neglecting the line resistance) connected
to an infinite source, the open circuit voltage rise across the line in a 60 Hz system in per
unit (p.u.) can be approximated as [1]:

1
cos(0.072% % L) 1)
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Where, L is the line length in km. The 0.072%km is phase angle constant of the overhead
line arrived at by considering the 60 Hz electric waveform travelling on the line at the
speed of light, or 300,000 km/second undergoing a phase angle change of 21,600° in one
second or 0.072°/km.

Figure 1(a) and (b) show the phase-to-ground positive sequence voltages (in units of kV
rms) recorded for a 500 kV line in the BC Hydro system at the sending (Williston) and
open-terminal (Kelly Lake) receiving ends, respectively. The figures also include 60-Hz
filtered waveforms of Phase A voltage and current. It can be seen that the current at
Williston leads the voltage by 90 degrees since it is all capacitive. This line is 329 km
long and the open-terminal voltage rise was about 9%, which is in agreement with the
equation above. The voltage rise can be even higher when the sending end source is
weak.
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Figure 1: Ferranti voltage rise on a 329 km line which runs between Williston and Kelly
Lake (open-end) switching substations.
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Voltage rise beyond safe operating limits stresses insulation of the line-connected
equipment and thereby accelerates their aging and premature failure. Therefore, shunt
reactors are commonly applied on medium or long lines to counteract the capacitive
effects of the line. This is referred to as reactive shunt compensation or more commonly
just as shunt compensation. Shunt compensation is an effective method of controlling or
limiting the line over-voltages to within the safe limits under light load or after sudden
load rejection.

Circuit breakers on Extra High Voltage (EHV) lines have independent poles.
Consequently, these lines can experience uneven phase operations, either by failures of
one or two breaker poles to open or close, or by design during single-pole trip and reclose
(SPTR) conditions. During the unbalanced phase conditions, one or two phases of the
line remain connected to the source and the remaining phase(s) disconnected. Line-
connected shunt reactors, which effectively limit the line over-voltage when all three
phases are energized, can become the cause of hazardous over-voltages on the de-
energized conductor(s) during such unbalanced conditions. Under these conditions for a
healthy line, the shunt reactor(s) on the isolated phase(s) in series and the capacitances of
the energized phase(s) form a resonant circuit. When the tuning frequency of the circuit is
in proximity to power frequency, hazardous over-voltages can develop across the shunt
reactors, surge arrestors, breakers and instrument transformers of the disconnected
phase(s).

This paper reports in detail on an incident that was triggered by unintended tripping of a
500 kV line under load in the BC Hydro system. This was followed by automatic high
speed reclose of the line and then a retrip due to a protection mis-operation. On the retrip,
one breaker pole failed to interrupt the line current, which contained a slowly decaying
DC offset resulting in a lack of a zero crossing for many cycles. That phase was left
energized from one end protractedly. Under this condition, excessive over-voltages were
induced in the two floating phases and ultimately resulted in the failure of two line-end
surge arrestors.

Before analyzing the incident, a brief general discussion will be given of hazardous
temporary over-voltages that can occur on open phases of a healthy EHV line equipped
with shunt reactors that provide a high degree of compensation. The relay disturbance
records will then be used to recreate the sequence of events from the initiation of the
incident to the eventual line isolation by breaker failure protection in about 6.85 seconds.
The detailed analyses of the waveforms will be presented to explain equipment failures
during this incident. The failed breaker was taken apart and internal damage is illustrated
by photographs. Finally, the mitigation methods to avoid damaging over-voltage under
similar conditions will be discussed.

2.0 Simplified Steady-State Analysis

Simplified analysis [2, 3] of the steady-state unbalance phase conditions, when one or
two phases of a healthy shunt compensated EHV line are open, is given in this section to
provide an understanding of the over-voltage phenomenon during the incident reported in
this paper.
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Figure 2 shows a diagram for a three-phase shunt compensated line. The line is assumed
to be fully transposed with losses and non-linear effects ignored. Series reactance of the
line and the source impedance are also neglected. It is common for shunt compensation to
be split into two sets of reactors: one fixed and the other switchable for better voltage
control to accommodate light and heavy load conditions. For simplicity, both reactors are
lumped together and shown as one single reactor in the diagram. The single-phase
reactors are grounded and assumed to be linear (do not saturate). Interphase and phase-to-
ground capacitances of the line are also lumped. Since the resonant frequency of the
network is in the vicinity of power frequency, the lumped parameter model is valid for
this analysis.
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Figure 2: Shunt compensated line with lumped capacitances, series impedance and non
linear effects ignored.

The degree of shunt compensation (K) is defined as the ratio of reactive power absorbed
by the shunt reactors to the reactive power supplied by the positive sequence line
capacitance, which is:

V3. B, 1
.["I:.Bci lf.-LJ:.Li 'Ci (2)

The symbols used here are self-explanatory and are also shown in Figure 2, except the
positive sequence capacitance of the line (C,). C;is obtained by applying the delta to star
transformation to the three inter-phase capacitances (Cy,) and then adding this result to
the phase to ground capacitance (Cop) as in Figure 3.

Page 4 of 29



Bem
[l
— I IE—_
- — 3Bem == 3Bem =
Bem Bem 3 3
o—' l—‘l | A B C 9
A e o I
Bco —— Bco Beo == ! Bco o= Bco Bco ——
Bca Bc1 Be1
5. - (B - Beo) ¢ (C, ;Co) B, =38, +B, C=C+X,

Figure 3: Delta to Star transformation of line inter-phase capacitances

The degree of shunt compensation can also be defined using inter-phase and phase—to-
ground capacitances as follows:

1
w3 Ly . (Cq + 3.C) ©)

K=

2.1 Two Phases Open

EHV circuit breakers consist of three independent poles rather than one three-phase unit.
After a protection trip or manual opening of a line, one of the poles can fail in a closed
position, leaving the phase connected to the source at one end of line while the other two
phases are floating. Breaker failure protection can’t operate if the failure occurs after
manual operation or trip on a healthy line with no load. The floating phases could be
subjected to sustained over-voltages whose magnitude would depend upon their
capacitive coupling with the energized phases. Detailed electro-magnetic transients
simulations are often used to accurately assess these over-voltages. However, ignoring
line series reactance, non-linear elements such as surge arrestors, magnetic saturation and
corona losses, an open phase over-voltage problem can often be identified using a
simplified lumped parameter line model and circuit analysis.

Assuming the line shown in Figure 2 has only Phase A energized, the steady-state
induced voltage on either of the two open phases (say Phase B) can be approximated by
simplifying the circuit as shown in Figure 4(a). Since Phase A shunt reactor does not
influence the coupling voltage, it is irrelevant and not shown. Considering the inductance
on the open-phase to be external to the network, the Thevenin equivalent is in the form of
the reduced network shown in Figure 4(b).
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Figure 4: Simplified network of a shunt compensated line with two phases open — one
open phase is shown only and other phase is similar by symmetry.

The reduced network for a two open-phase condition comprises a power frequency
Thevenin equivalent voltage source behind an L-C series resonant circuit of tuning
frequency:

1
2.m L. (Cy + Cy ) (4)

fE open —

This resonance fapen OF the coupling circuit can also be expressed in terms of degree of
compensation (K):

1+3.%
— 4] .
fropen = f. || —— |- ¥
1+ I

v Co (5)

Where, f is power system frequency i.e. 60 Hz in this case. The circuit will resonate at
power frequency and the voltage across the opened phase reactor will approach infinity if
the degree of compensation approaches:

1+fé—m
K- 0
0 (6)
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Referring to Figure 3, the steady-state approximate open-phase voltage at power

frequency can be estimated as:
v

‘"rE open — .[",TH'

|m. Ly - (m) )

2.2 Single Phase Open

Transmission line faults are typically phase-to-ground and are usually caused by
lightning strikes. These faults are often transitory in nature and therefore EHV lines are
often equipped with single pole trip and reclose (STPR) schemes to improve system
reliability. SPTR schemes also permit application of automatic reclosing on two systems
connected by a single tie line. In a single-pole trip scheme, the faulted phase is
disconnected temporarily, while the unfaulted phases continue to conduct the power
between the two systems. Open-pole duration of the faulted phase is typically around 60
cycles to allow extinction of secondary arc current and recovery of dielectric strength of
air permitting successful autoreclose for temporary faults. However, when the induced
voltage from the energized phases to the disconnected phase is high, it maintains the
conduction in the arc channel and the secondary arc does not self-extinguish. This results
in an unsuccessful autoreclose and eventual three-phase trip. Estimate of this induced
voltage is, therefore, useful to assess the effectiveness of single-pole reclosing schemes
applied to the particular line having a high degree of shunt compensation.

Using the simplified approach, as was discussed for two open phases, Figure 5(a) shows
the equivalent network representation for one open phase. The induced voltage on the
disconnected or floating phase (say, Phase A) can be estimated from Figure 5(b).

For a given degree of compensation (K), the resonant frequency for a single-pole open
condition of a healthy shunt compensated line is:

1+3.-%2
fiopen = T S
l+za
\ €))

Referring to Figure 5(b), the steady-state open phase voltage at power frequency can be
estimated as:

i Ly

Viopen = V. |
" ek - Gate) ©

! In a single-pole trip scheme, opening of breakers of the faulted phase at the line ends interrupts the fault
current or primary arc. However, the arc channel can still persist due to energy provided by coupling with
the healthy phases and it is referred to as secondary arc. For long shunt compensated EHV lines, this
current can be in the range of 200 Amps.
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Figure 5: Simplified network of a shunt compensated line with one phase open

2.3 Calculations for an Actual 500kV Shunt Compensated Line

Using a 500 kV line, namely 5L2, in the BC Hydro system as an example, open-phase
voltages are estimated. The line selected is the one that was involved in an actual incident
of resonant over-voltage during an unbalanced open-phase condition, reported later in
this paper. Table 1 provides the capacitive parameters of the line. Appendix | provides
the line construction data and its electrical parameters. The line has 72% shunt
compensation provided by two sets of 135 MVAr (at 525 kV|, ) three single-phase
grounded reactors — one at each line end. Using the capacitive parameters and shunt
compensation, the resonant frequencies and the open phase voltages were calculated for
one and two open-phase conditions. As an alternative to the hand calculations, Protection
Engineers can use familiar steady-state short circuit programs. The line model
representation must include the line positive sequence and zero sequence capacitances
and compensating shunt reactors. Open-phase voltages can then be obtained by
simulating open conductor faults. However, the results may differ from the hand
calculations, depending on model representations within the fault program.

As noted in the table, at 72% shunt compensation for the example line, the resonant
frequency almost coincides with the power frequency for the two open-phase condition.
High open-phase voltages with damaging effects are expected on this line, if this
condition is allowed to persist for extended periods. Under a single open-pole condition,
the coupling voltage from the healthy phases to the open phase clearly appears too high
(about 1 p.u.) to permit successful secondary arc extinction
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Table 1: Circuit 5L2 with its parameters and resonance frequencies under open-phase

conditions.
Length of 5L2 Km
277
Capacitance Bec1 - US Ci-pf | Beo-HS | Co-pf Cm_(ill_fCO)B m=Cp/ Co
1360 3.61 780 2.07 0.513 0.25
Shunt MVAr B.- IJS L-H B|_/ Bc1
Compensation 2x135 980 2.72 0.72
Two Pole (1+m)/(1+3m) f20pen — HZ Open Pole Voltage — p.u.
Condition 0.72 60.2 31 (Very High)
One Pole (1+2m)/(1+3m) f10pen — HZ Open Pole Voltage — p.u.
Condition 0.86. 55 1.03

The calculations in the table for the two open-phase condition were validated using an
electromagnetic transients program, which accounted for the geometric arrangement and
diameters of the 5L2 conductors (four conductor bundle per phase). Results of the
simulation are shown in Figure 6. For illustration purposes, corona, surge arresters or
other non-linear effects were not included. The escalating voltage rise on the open phases
(B and C) confirms the resonant condition indicated by the simplified steady-state
calculations in Table 1.
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Figure 6: Electro-magnetic transient simulations of the two open pole conditions for a
277 km long 500 kV line with 72% shunt compensation.
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3.0 BC Hydro System

BC Hydro, the third largest utility in Canada, possesses major hydro-electric generation
assets. These resources, primarily located in the northern (Peace River) region of the
province and in the south eastern (Columbia River) region, are remote from the south-
west corner of the province where most of the demand for electricity is concentrated.

3.1 500 kV EHV Transmission System

Figure 7 shows a schematic diagram of the BC Hydro 500 kV transmission system,
which represents a considerable portion of the province-wide transmission network. Long
transmission paths have been sectionalized but some line sections are as long as 330 km.
The majority of the 500 kV lines have series compensation located near mid-line to
achieve dynamic and transient stability. In addition, 500 kV lines longer than 120 km
have shunt compensation at one or both line terminals to achieve 30% or 60% or higher
shunt compensations. For security, due to the radial nature of the network, key
transmission sections are equipped with both high speed single-pole and three-phase
reclose schemes.

Transmission lines in the north to south Peace River systems, the earliest BC Hydro 500
kV lines, were developed in the mid-to-late 1960s. At that time, these lines were not
equipped with a single phase trip and reclose (SPTR) scheme because power system
technology of the day was not deemed reliable enough for selective phase tripping
applications for long transmission lines. Therefore, the shunt reactor neutrals were solidly
grounded. Most of these lines have had their now obsolete protection systems replaced
with modern microprocessor-based relays, which are designed with the SPTR feature.
But the SPTR scheme will not be enabled until the existing old shunt reactors are
replaced. At that time the new reactors can be equipped with neutral reactors to mitigate
secondary arc concerns as well as the open-phase resonance issues.

Single-pole schemes were originally applied to the newer east to south-west Columbia
River system transmission lines. The shunt reactors on those lines are equipped with
smaller neutral reactors, which help in suppressing the secondary arc after the breaker
poles open for the faulted phase. It also further limits the recovery voltage after arc
extinction and thereby improving chances of successful reclose.

3.2 Point On Wave Control

The original 500 kV Peace River system used air-blast circuit breakers equipped with
closing resistors to limit the transmission line switching surges to 2.0 p.u. In 1993 and
1994, a more compact line design was adopted and that required line switching surges to
be limited to 1.7 p.u. At the same time, there was also a desire to avoid mechanical
complexity and life-cycle cost associated with maintenance of closing resistors. Over the
years, BC Hydro worked with breaker suppliers and adopted Point-On-Wave (POW)
control schemes on the lead-end circuit breakers for automatic reclose or
manual/supervisory line pick-ups [4, 5]. These controls, together with switching surge
arresters at the line terminals and also at midline for longer lines, are now being used to
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improve transmission system insulation performance and reduce stress on the connected

equipment.

Figure 7: BC Hydro’s 500 kV transmission system
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Instead of closing all three breaker poles simultaneously, a POW scheme closes each
breaker pole independently at the optimum point on the voltage waveform. The optimum
closing instant for each phase is when the voltage across the closing contacts is zero.
Independent closing introduces pole scatter during line pick-up. This scatter is between
120 ms to 40 ms depending upon model and the vintage of POW device. All new 500 kV
breakers in BC Hydro are SF6 or mixed gas design and operate in conjunction with POW
control, with good operating experience since 1993, until the incident reported in this

paper.

3.3 Details of a 500 kV Line in Peace System

Figure 8 is a simplified one-line diagram showing circuit 5L2, which was involved in the
incident. As shown in Figure 7, this line is one of three parallel 500 kV transmission
paths between G. M. Shrum (GMS) generating and Williston (WSN) switching stations.
The line is 277 km long and is fully transposed. Tower construction, conductor data along
with the line parameters determined from the construction data are listed in Appendix I.
There is 50% series compensation at the midline position and 72% shunt compensation
using a set of reactors at each line end. The shunt reactors (2040 Q/phase) at GMS
(5RX2) are fixed and the ones at WSN (5RX4) are switchable. The knee-point of the
reactor saturation characteristic is about 1.5 p.u.. In the fully saturated region, the
impedance drops to about 670 Q/phase. There is a set of 396 kV, surge arrestors 5SA26
protecting GMS 5RX2 and a set of 372 kV, arrestors 5SA34 protecting WSN 5RX4, as
indicated in the diagram.

5L2 is protected by modern microprocessor-based relays, which implement a
communication-assisted permissive over-reaching transfer trip as well as under-reaching
direct transfer trip schemes. The schemes are implemented using high-speed distance
relays having sub-cycle detection times for close-in phase faults. In conjunction with
breakers having two-cycle interrupt time, overall close-in phase fault clearing time is less
than three cycles, which is well within the four cycles performance target used in BC
Hydro’s transmission system performance planning studies.

To maintain the system stability, single-shot high-speed automatic reclose? is attempted
after line trips. Though the reclose scheme is designed to initiate single-pole trips for
single phase-to-ground faults and three-pole trip for all multi-phase faults, the scheme is
set to operate only in three-phase mode for all faults for the reasons mentioned
previously. Dead time, from three-pole open condition to reclose initiation, of about 0.5
seconds is used to permit air deionization and thereby prevent restrike on line re-
energization. The GMS bus (part of a major hydroelectric installation) is the lead or
master end for auto-reclose and the associated breakers 5CB5 and 5CB11 are equipped
with POW closing. 5CB5 is the first breaker to close and uses POW control. After
successful closing of the first breaker, 5CB11 closes all three poles simultaneously,
bypassing POW control. However when 5CB?5 is out-of-service, 5CB11 becomes the first
breaker to close and uses POW control. At WSN (follow) end 5CB3 and 5CB4 are not
equipped with POW close.

2 High-speed reclose is defined as reclose within one second of tripping.
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Figure 8: Simplified 5L2 one-line diagram - Peace Region

4.0 Incident

This section is divided into three subsections. The first describes maintenance work
which was being planned and the error in its execution that initiated the incident. Using
the relay records, the complete sequence of events is described, leading to the unbalanced
open-pole condition and eventual isolation of the line in about 6.85 seconds after the
initial line trip. Finally, this section presents detailed analyses of the waveforms recorded
by the high speed digital fault recorders to explain the equipment failures during this

incident.
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4.1 Initiation of the Incident

At the time of the incident the work underway was the replacement of 5CT11, a free-
standing CT located on the source side of 5CB11, highlighted with a green outline in
Figure 9. The procedure to prepare for CT replacement included the following steps,
listed in order of execution: (1) open 5CB11, (2) block 5L2 primary (PYPN) and standby
(SYPN) protections one at a time, (3) short and isolate CT at control building entrance
isolation CT test block (CTTB) for associated PYPN or SYPN CT secondary circuit, (4)
proceed with the remaining steps required for CT replacement.

After 5CB11 was opened, a Field Technologist proceeded with the next steps in order to
short and isolate 5CT11 at the CTTB for the PYPN CT secondary circuit. However, he
neglected to block the 5L.2 PYPN relay trip outputs prior to beginning shorting and
isolation. A standard approach to shorting and isolating this type of circuit is to pull
shorting switches in order N-A-B-C and then insert individual isolation sticks in the same
order. The instant that A-phase shorting switch was pulled a current divider circuit was
created, with 5CT5 as the sole current source. As highlighted in Figure 9 current flowed
from 5CT5 (orange line) through 5L2 PYPN relay current input IAW, to the current
divider junction point. The blue and brown lines show the two parallel paths where
current returns to the source. The parallel path indicated by the brown line is back
through the PYPN relay’s IAX current input. Since current entered the input at the non-
polarity side, the relay calculated a net A-phase current lower than that flowing from the
CT,; relay records show the resultant current approximately 50% of actual. This apparent
unbalance ultimately resulted in a relay operation via sensitive ground protection.

4.2 Recreating the Sequence of Events

Refer to Figure 8 for the simplified single-line diagram of 5L2 and its associated
equipment and breakers. The line has series compensation but it did not play a role in this
incident because the bypass breaker auto-closed after the initial line trip.

Table 2: Sequence of Event on 16 April, 2012

Order | Time-stamp — PST Event

1 15:24:27:91 hrs Unintentional Trip of 5L.2 at GMS and WSN

2 15:24:28:61 hrs Phases B and C automatically reclose at GMS — lead end
3 15:24:28:70 hrs Suboptimal Phase A POW reclose at GMS

4 15:24:28:71 hrs Re-trip initiation at GMS and DTT to WSN

5 15:24:28:78 hrs Reclose at WSN - follow end and re-trip by DTT

6 WSN 5CB4 Pole A failed to open on re-trip

7 WSN 5SA34 Phase B failure

8 15:24:33.75 hrs GMS 5SA26 Phase A failure causing ground fault

9 15:24:34:59 hrs Trip initiation at WSN by timed ground fault protection
10 15:24:34:70 hrs WSN 5CB4 breaker failure trip

11 15:24:34:76 hrs 5L2 isolation at WSN by trip of adjacent breaker
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On 16 April, 2012, during work to replace a free-standing CT as described in section 4.1,
an improper protection isolation procedure resulted in a 5L2 PYPN operation. During a
sequence of events (see Table 2) which lasted 6.85 seconds from initiation of the
inadvertent trip to complete line isolation, one breaker (WSN 5CB4 Phase A) and two
surge arresters (WSN 5SA34 Phase B and GMS 5SA26 Phase A) failed. The former
arrester failed because of excessive and prolonged temporary over-voltage while the
latter arrester failed due to repeated high switching surges generated by persistent
restriking within the failed breaker.
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Figure 9: Three-Line schematic diagram (partial) of 5L2 protection at GMS

Figures 10 and 11 show the waveforms and digital data recorded by the PYPN and SYPN
relays at GMS during the mis-operation. Unfortunately, most of the records from the
WSN relays were over-written and lost before they could be retrieved. The unintended
isolation of the CT while the line was under load initiated a three-phase trip of the line by
PYPN, first at GMS followed by the WSN end. Following the line trip, the high-speed
reclose was initiated. The POW controller at GMS successfully reclosed phases B and C
but delayed closing of Phase A by about six power frequency cycles (100 ms)3. Shortly
after Phase A closed at the lead end, a sub-cycle Zone 1 distance element within the line
SYPN relay at GMS transiently picked-up and initiated another line trip. It also sent a
direct transfer trip (DTT) to the follow terminal, which, by this time had just successfully
reclosed three-phase.

® Reference [4] discusses details of the algorithm used in the POW controller for 5L2. It acknowledges that
the POW controller may be challenged to close the last pole at the optimal point-on-wave when high-speed
auto-reclose is performed after trip on a healthy line.
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However, during the second line tripping operation, Pole A of WSN 5CB4 failed to
interrupt the line current due, to a slowly decaying DC offset, and continued to conduct.
As a result, the circuit became energized single-phase from WSN. Phases B and C of
5L2, with line end reactors and associated surge arrestors, were open but capacitively
coupled to the energized Phase A. Since the line had tripped under no-fault condition, the
current was too low (less than 300 primary Amps or 0.1 secondary Amps) to cause
operation of the 5CB4 breaker failure protection (the breaker failure protection pick up is
0.5 A secondary). 5L2 operation with Phase A energized induced over-voltages on the
two open phases causing failure of the 5SA34 Phase B surge arrestor, which was limiting
the over-voltage exposure to the shunt reactors at WSN. Pole A of WSN 5CB4 in the
failed state sustained uncontrolled multiple restrikes which, after about 6 seconds, led to
failure of 5SA26 Phase A surge arrestor protecting the GMS shunt reactor. The surge
arrestor failed to a short circuit condition leading to a permanent line-to-ground fault.
Figure 12 shows Phase A-to-ground protection operation at WSN followed by 5CB4
failure protection operation, which finally de-energized the line.
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Figure 12: WSN 5L2 relay records showing ground fault current from Phase A surge
arrestor failure at GMS and the line isolation on breaker failure tripping.

4.3 Waveform Analysis

Review of voltages and current waveforms from high speed digital fault recorders
provides some understanding of the phenomena which led to the equipment failures.
Figure 13 shows the instantaneous phase-to-ground voltages and 5L2 line currents at
GMS and WSN. The upper three traces are the voltages, followed by the corresponding
phase currents at GMS and then likewise for WSN. For improved resolution, the
waveform traces showing the over-voltages for a period of 680 ms are plotted, starting
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about 100 ms before initiation of the auto-reclose of phases B and C at GMS. Time T =0
represents 15:24:28:60 hrs PST and all times referenced in this section are relative to this
time. Note that for visual clarity of waveforms, the traces are plotted using individual
auto-scaling on the vertical axis. The Phase B and Phase C voltage waveforms at WSN,
during the two open phase condition, exhibit “flat topping” or “peak clipping”. This is not
due to surge arrester conduction (or other non-linear phenomenon) during the excessive
temporary over-voltage but is because the over-voltages were so high that they exceeded
the pre-set range of the digital fault recorder. The recordings at GMS using a different
scaling did not have this problem.

Prior to time T =0, circuit 5L2 was already isolated and all three phase-to-ground
voltages at both line terminals exhibit ring-down oscillations as stored energy oscillates
between the capacitance and the shunt reactors of the healthy line as a result of the prior
trip-out of the line. At time T = 10 ms the POW controller at GMS auto-reclosed Phases
B and C (but not yet Phase A) while the remote end of the line was open. Thus, there was
a one open-phase condition for about five cycles before Phase A reclosed (late). During
these five cycles, the amplitude of the open Phase A voltage escalated dramatically and
reached 669.5 kVpeak (1.64 p.u.). The open phase condition was too short to cause any
damage because it disappeared after Phase A was reclosed.

When the POW controller reclosed Phase A at around T =100 ms, it did so at a non-
optimal point on the voltage wave, thereby initiating a large DC offset in the current
during the line re-energization. GMS 5CB5 Phase A pole conducted DC current with no
zero crossing for about 80 ms on 5L.2 retrip, which happened immediately after Phase A
reclosed. Since there was no zero crossing of the Phase A current at that time, this current
continued uninterrupted. However, at T = 180 ms the WSN end of the line reclosed three-
phase. WSN 5CB4 was the first breaker to close but retrip occurred concurrently by the
sustained DTT from GMS. The line closing at WSN created a Phase A current zero at
GMS and the slowly decaying DC component in the current was transferred to the WSN
Phase A breaker. Phase B and C interruption occurred successfully at WSN about two
cycles later but the Phase A current could not be interrupted until the next zero crossing,
which occurred about 13 cycles later. Subsequently, there were multiple restrikes, which
can be seen in the WSN Phase A line current indicating that 5CB4 had failed. Therefore,
for more than 13 cycles, there was a two open-phase condition on 5L2 resulting in high
over-voltages on B and C phases of the line. The maximum instantaneous Phase B
voltage was about 668 kVpeak (1.64 p.u.) and Phase C voltage was about 697 KV eak
(1.71 p.u.), as measured at GMS. The failure of the surge arrester on Phase B at WSN
and the Phase A arrestor at GMS would have occurred sometime beyond the time frame
of Figure 13.

Figure 14 shows voltage (top trace), current (middle trace) and recovery voltage across
5CB4 breaker pole A (bottom trace) at WSN. It shows that the breaker could not
successfully extinguish the arc and it experienced multiple restrikes with the voltage
building up across the pole. The restriking generated high switching surges which would
have caused GMS 5SA26 Phase A to fail.
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Figure 14: WSN records showing multiple re-strikes across WSN 5CB4 pole A and its
failure.

5. Equipment Testing and Inspection

This section briefly discusses testing and inspection conducted on the equipment that was
suspected to have failed before restoring or replacing them.

5.1 Circuit Breakers

Circuit breaker 5CB5 at GMS and 5CB4 at WSN associated with 5L.2, shown in Figure 8,
were relatively new. 5CB5 went into service in October 2006 and 5CB4 in October 2005.
Both are mixed gas (SF6/N2) live tank breakers. Appendix Il provides details on the
breaker rating and their interrupting mechanism. During the reported incident both of the
breakers had mechanically opened but one of them (WSN 5CB4) failed to interrupt the
current. An external examination of the breakers did not reveal any damage to them or to
their rupturing discs. These discs are designed to rupture on high pressure, which
develops in the case of failure to extinguish the arc. The waveforms from a high speed
digital fault recorder showed that GMS 5CB5 Phase A conducted for about 80 ms (about
five cycles) of current having a substantial (initially 300 Amps) slowly decaying DC
offset during interruption. Upon reclosing the follow end of 5L2, this current plus DC
offset was transferred to the WSN side Phase A. WSN 5CB4 Phase A conducted for
approximately 217 ms (approximately 13 cycles) of non-zero crossing (initial 300 A DC
offset) current followed by multiple restrikes that lasted for nearly seven seconds. Both of
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the breakers were taken out-of-service for inspection to assess their condition before
returning to service.

The current interrupting chambers of both breakers were subjected to Doble (dielectric),
Timing and Ductor (contact resistance) tests. Tests confirmed that their operating times
and contact resistances were within the specifications. Doble tests showed no problem
with the GMS breaker. Thus, GMS 5CB5 passed all the tests. It was concluded that,
though DC current lasted for about 85 ms, it was subjected to arcing only for about 37 ms
in the fully open condition i.e. 85 ms -3 ms (pre-arcing) - 45ms (CO time). Further about
25 ms of this arc was contained between the arcing contacts in the nozzle by the puffer
interrupters’ blowing high pressure gases to the arc to force the cooling. Thus,
uncontrolled arcing for only about 10-15 msf, which may only have inflicted minor
damages to the interrupters. So it was returned to service without replacement or opening
for inspection.

The power factor and power consumption Doble tests indicated weakened insulation for
WSN 5CB4. It was concluded that the DC arcing current was probably not high enough
to produce high gas pressure to operate the rupture discs. Since there were uncontrolled
erratic arcing and multiple restrikes for about six to seven seconds, it was assumed that it
might have burned outside of the Teflon nozzles. In other words, the arcing may not have
been just contained in the nozzles between the arcing contacts, and this may have
damaged the vulnerable nozzles and other parts. Further gas sample analysis confirmed
that WSN 5CB4 Phase A had very high CF4 levels, indicating excessive Teflon nozzle
wear or a fault involving an epoxy or composite component. Therefore the failed
interrupter of WSN 5CB4 A phase was removed and replaced with a new interrupter.

WSN 5CB4 Phase A was dismantled in a workshop to determine the extent of damage to
the contacts, nozzles and other parts. This breaker had two interrupting chambers and one
of them received most of the damage as shown in the photographs in Figure 15. A
photograph of the un-ruptured disc is also included in the figure.
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Figure 15: Photographs of the damaged breaker — WSN 5CB4 Phase A

5.2 Surge Arrestors

Surge arrestors associated with 5L2 were of the same vintage as the circuit breakers i.e.
were relatively new. They are high mechanical strength silicone polymer-housed Zinc
Oxide (ZnO) arresters with pressure relief device (rupture disc).

Phase A of surge arrestor at GMS (5SA26) failed because it was exposed to repeated high
switching surges from sustained restrikes whereas Phase B at WSN (5SA34) failed
because it was exposed to lingering over-voltages from the two open-pole condition.
Figure 16 shows a photograph, taken shortly after the incident, of the smoking surge
arrestor at GMS. The figure also includes a photograph of the dismantled WSN arrestor
showing the damage to it. Both surge arrestors had failed safely without explosion.
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GMS - 5SA26 Phase A WSN — 5SA34 Phase B

Figure 16: Photographs of the damaged arrestors.

The four remaining surge arrestors, Phase B & C at GMS and A & C at WSN did not
show any visible damage. To assess the condition, they were Doble tested. Test results
showed that they were all in good condition and survived the incident. They were
returned to service and the two failed arrestors were replaced.

6.0 Mitigations

This section discusses mitigation considered and/or implemented to prevent occurrence
of similar incident within BC Hydro.

Addition of Neutral Reactor

The capacitive coupling between the energized and de-energized phases of 5L2 during a
prolonged two open-phase condition resulted in high temporary over-voltages. This over-
voltage can be controlled by adding a reactor in the neutral path of the shunt reactors —
commonly referred to as four-legged shunt reactor. A neutral reactor (of inductance Ly)
sized to provide even compensation of the positive and zero sequence line capacitance, as
below, eliminates the coupling voltage to the two open phases:

1 1

m:_LLCl N Eg}:.(Ll + S.LN].CU (10)
Ly_1 (i_l)

L, 3°\C, (11)

However, the above does not necessarily result in the minimum secondary arc current for
single-pole open condition. To minimize secondary arc current, the neutral reactor is
required to neutralize or minimize the inter-phase capacitive coupling shown as C, or (C,
— Cp)/3 in Figure 3. Reference [6] provides a method for a preliminary estimate of the
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size of the neutral reactor. However, detailed electromagnetic transients simulations are
required for optimal neutral reactor sizing for the secondary arc suppression.

A neutral reactor size may be effective in limiting the secondary arc current but may not
be adequate to eliminate the over-voltage for the open-phase condition. In that case, the
de-energized phases of the healthy line will experience the induced voltages that would
depend on the extent of mis-match from the above criterion (Equation 11). Though it is
the most effective solution to mitigate or control over-voltages during two open-phase
condition, it is not viable for the existing installations where the phase reactor neutral
installation is designed for a grounded application. The addition of neutral reactors is
only applicable when these old reactors are replaced. In the case of 5L2, when existing
reactors are nearing their end of life and will be replaced by new reactor, they can be
designed to accommodate neutral reactors.

Tripping of Switchable Reactor

The long shunt compensated lines within BC Hydro have one fixed and one switchable
reactor. The switched reactor is inserted and removed by the remote SCADA operations
to manage the system voltages depending upon the line loadings. To minimize the
switching transients and open-pole over-voltages, the proposal was investigated to open
the switchable reactor simultaneously with the line trip or opening. Re-insertion would
then require operator intervention after every line trip and successful auto-reclose. Since
BC Hydro transmission system does not include shield wires, multiple 500 kV lines
experience several lightning strikes followed by their trips and reclose operations on a
given day during the storm season. The proposal was not pursued without an adequately
designed system wide auto-VAR scheme for the reactor insertion and disconnection
control.

Improvements in POW Scheme

POW application of the shunt compensated line is challenging during high-speed
reclosing i.e. when the line is re-energized shortly after de-energization. The line side
voltage exhibits ring-down oscillations from the exchange of energy between the line
capacitance and the shunt reactors whereas the source side is power frequency voltage.
As a result, the voltage pattern across every breaker pole typically has varying patterns of
oscillations depending upon number reactors in-service and changes in inter-phase
capacitance during the independent pole closing. The optimal instant of closing for each
pole can’t be pre-determined.

Lead breakers associated with 5L2 are equipped with a first generation POW, which
offers a less sophisticated pattern recognition algorithm and limited flexibility in
application when compared to the latest generation. Designed into the scheme is a delay
of 120 ms prior to enabling closing via a backup method. The intention is to minimize the
duration of the open-pole interval for purposes of stability and to prevent a line from
remaining energized on one or two phases only for an extended duration. In the reported
incident, the sub-cycle line distance relay was challenged for this duration due to Phase A
open condition and it mis-operated. After this incident, decreasing the default timer
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setting from 120 ms to 40 ms was explored. At the time of writing, this decision was still
pending.

Meanwhile the second generation of POW have become available [7]. Though the
voltages across the breaker poles have varying patterns, they do have distinct beat
frequencies. The new POW scheme uses sophisticated algorithms, employing Prony
analysis, which attempts closing on voltage zero near the beat minimum to minimize the
closing time spread among the three poles. Based on the field trials and the laboratory
testing, BC Hydro will be deploying a second generation of POW in future applications.

Protection Solutions

Breaker failures of one phase in the EHV systems during manual openings or healthy line
trips can cause abnormally high voltages. However, breaker failure protection, initiated
by the over-voltage protection after manual opening or by the line trip, can’t operate and
isolate the line because there is not enough current under this condition. Auxiliary contact
based breaker protection schemes are often used when trips are initiated by the protection
systems, such as zero sequence over-voltage or non-electrical protections, which do not
generate fault currents. However, this type of scheme is not considered reliable for
applications in the EHV systems. Further, as discussed in Section 5.1, WSN 5B4 had
physically opened but failed to interrupt the current due to non-zero crossing. So a
breaker failure scheme using auxiliary contacts would have also not worked for the
reported incident. It seems that there is no reliable protection to safeguard the line and
connected equipment against prolonged high voltage exposure caused by unbalanced
open-phase conditions.

Also, the line distance protection picked up transiently only. Review of the fault records
did not indicate any obvious cause of the mis-operation. A quarter cycle delay was added
to this element in all 500 kV lines in the Peace System as a security measure against the
transient pick-ups. This additional delay will still maintain BC Hydro’s transmission
system performance target, which is four cycles of overall clearing time for multiphase
faults.

Adherence to Maintenance Practices

BC Hydro is undergoing an era of unprecedented capital investment involving
replacement of aging infrastructure, expansion of some existing stations and the addition
of new stations. Almost all of these projects require changes or modifications to the
existing protection systems. For system reliability reasons, it is often not viable to take
outages on the primary equipment to carry out protection modifications. It is emphasized
that the maintenance personnel adhere to the established “best practices” approach when
performing any protection-related work not only for system reliability but also for
personnel safety. In this particular instance the Field Technologist needed to ensure the
trip outputs of the relay associated to the CT circuit he was isolating were blocked prior
to performing his work.
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7.0 Conclusions

Application of shunt reactors is one of the most effective ways of controlling the steady-
state voltages on medium and long EHV lines. However, they can unintentionally cause
harmful over-voltages in the isolated phase(s) following breaker failure. The reactors can
become part of a resonant circuit together with the line-to-ground and inter-phase
capacitances where the tuning frequency could be near power frequency. The excitation
is provided by capacitive coupling to the energized phase(s). A reliable protection
scheme seemed not viable to safeguard the line connected equipment from extended
over-voltage hazard under this condition. Surge arrestors successfully protected the
equipment connected to 5L2 during the reported incident. When the existing shunt
reactors are replaced on 5L2 at the end their life cycle, neutral reactors can be applied not
only to mitigate the over-voltage problem but also to enhance the system reliability
because it will then permit enabling of SPTR on the line protection scheme.

Until the incident reported in this paper, BC Hydro had been successfully applying point-
on-wave control equipped breakers since mid-1990s as a replacement for the original use
of pre-insertion resistors to limit the switching surges on the 500 kV system. Breakers
equipped with pre-insertion resistors involve high capital and maintenance costs. Thus,
BC Hydro will continue to use POW switching with new breakers and when the existing
breakers are replaced. However, the second generation of controllers will be used to
minimize pole scatter during closing. There are ongoing discussions to reduce the
maximum permitted pole scatter setting on the existing controllers from 120 ms to 40 ms
to lessen the exposure of the protection systems to unusual system configurations.

The waveforms recorded by the protective relays and digital fault recorders during the
2012 incident proved to be a significant learning opportunity for the protection, analytical
and equipment engineers in BC Hydro. They helped in recreating the sequence of events
and improved the understanding of the open-phase voltage hazard. Since multiple events
had been triggered, some valuable records were over-written before they could be
manually retrieved from the protective relays. Protection and Control Support Services
group of BC Hydro is exploring methods to avoid this and looking into automatic process
of saving this information for later review.
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Appendix | —5L2 Construction

Figure 1.1 shows a typical guyed-V tower for this flat-configuration circuit. The average
height of the conductor above ground at the tower and the average conductor sag are
26.7 m and 10 m, respectively. Each phase comprises a bundle of four 316.1 mm? ACSR
conductors in a 45.7 cm by 45.7 cm square arrangement.
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Figure 1.1: 5L2 tower construction and line data

Appendix Il — Live Tank Breaker

Breakers associated with 5L2 are live tank circuit breakers with double puffer style
interrupters in series and spring operating mechanisms. The major components of a
puffer interrupter are shown in Figure I1.1. Each interrupter is paralleled with a 1600pF
grading capacitor. The breaker is rated at 550kV 4000A 40kA 1800kV BIL and filled
with SF6/N2 mixed gas for interruption. The rated interrupting time is 2 cycles (33.3ms).
During opening, the interrupter quenches the arc by blowing out the compressed gas from
a compression cylinder to cool blast the burning arc in the insulating nozzle (The nozzle
is normally made of PTFE (Teflon)). The arc temperature may be 5,000° to 20,000° K.
When the AC current through the interrupter crosses zero, if the hot arc channel has
cooled down to a low enough temperature the arc will extinguish (This is called Thermal
Regime). After this has happened, if the insulating medium (high temperature gas)
between the parting contacts can withstand the following rapidly increasing transient
recovery voltage (TRV), the interrupter will successfully complete the interrupting
process (This is called Dielectric Regime). If the interrupting process fails at either of the
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two regimes, the current will continue to conduct for another half cycle until the next zero
crossing point to interrupt the current. If there is no current zero crossing such as when
there is a DC offset, the interrupter will have difficulty to quench the arc to interrupt the
current.

I Nozzle
High voltage terminal

Main contacts

Upper current conductor

Arcing contacts

Refill valve
Puffer volume

Lower current conductor

»
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L

. | I Operating insulator
=
I
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Figure I11.1: Main Components of puffer interrupter. Courtesy of ABB
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