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Background

The Snohomish County Public Utility District (PUD) experienced some communications and
control failures that were attributed to transients generated by the switching of 115kV coupling
capacitor voltage transformers (CCVT). This paper discusses the symptoms experienced, the
analysis undertaken and the solutions developed in addressing this problem.

Introduction

The PUD operates a 115kV subtransmission system with three delivery points from Bonneville
Power Administration (BPA). There are approximately eighty 115/12.47kV distribution
substations spread throughout the system. The typical substation consists of a single-bank,
16.8/22.4/28 MV A with four 600-amp feeders.

In 1994, the PUD was implementing a 115kV autosectionalizing program that required potential
sensing at the autosectionalizing points. The method chosen to achieve this sensing was 115kV
CCVTs. During the autosectionalizing scheme testing, incorrect annunciator indications and
locked-out SCADA communications occurred at two substation locations on the system. These
problems were traced to transients generated by the CCVTs. In testing remedial methods, similar
problems occurred as well as a failed control system.

These problems led the PUD to temporarily de-energize all CCVTs until a solution was

formulated. Eventually, an answer was developed that eliminated the extreme transients and
allowed the autosectionalizing scheme to be activated with the CCVTs in service.

North Alderwood Substation

The most severe transients were recorded at the PUD’s North Alderwood substation. The
locations of the CCVTs are shown in the one-line diagram below.
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Fig. 1: North Alderwood Substation One-Line Diagram



Problem

The initial problem occurred at North Alderwood substation during 115kV switching operations.
The problems included nuisance alarms on the annunciator and through SCADA, as well as
communications shutdowns due to Positron fuses blowing and RTU damage.

Initial Conditions

The initial CCVT installation at North Alderwood was completed without much regard to the
nature of CCVT transients and the problems that they can create. The CCVT 115V secondary
leads were grounded at the CCVT end and were simply #12 CU THHN unshielded control wiring
in PVC conduit in the ground. The CCVT was grounded with #4/0 CU at its base to its
galvanized steel support column, which was tied at its base with #4/0 CU to the ground grid.
There was no continuous conductor path to the ground grid.

The ground system was an old #4/0 bare CU arrangement of conductor loops and ground rods at
the base of each structure foundation. Each loop was tied to the next by a #4/0 bare CU
conductor. There was no regularly spaced grid at all. (This has since been upgraded.)

Initial Testing - Shielded Conductor

We initiated testing by recording some transient voltages and currents in the substation after
replacing both CCVT secondary wiring runs with shielded twisted pairs. The following diagram
shows the sensing location of two channels of a BMI model no. 4800 Powerscope impulse
recorder that was used for this test.
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Fig. 2: Shielded Conductor Test
One-Line Diagram

The shield was grounded first at the CCVT end (location 1). With switch #1577 open, switch
#1669 was opened and closed three times and the impulse values were measured. The following
Table 1 shows the values of impulse current through the CCVT neutral and the impulse voltage at
the control house end of the secondary leads.



Switching action | Ch 1 current Ch 2 voltage Alarms or failures
impulse level impulse level

1. Sw #1669 opened | 229 Amps 508 Volts No alarms or failures. No flashing
to de-energize CCVT | 12 psec rise time 8 usec rise time observed.

530 mJoules*
2. Sw #1669 closed to | Not recorded due to | Not recorded due to | BMI recorder shut down. No
energize CCVT recorder shutdown. | recorder shutdown. | flashing observed.
3. Sw #1669 opened | 279 Amps 254 Volts No alarms or failures. Flashing
to de-energize CCVT | 1 psec rise time 0.5 psec rise time observed in UV relay.

13 mJoules*
4. Sw #1669 closed to | Not recorded due to | Not recorded due to | BMI recorder shut down. Flashing
energize CCVT recorder shutdown. | recorder shutdown. | observed in low voltage wiring.
5. Sw #1669 opened | Not recorded. 254 Volts No alarms or failures. Flashing
to de-energize CCVT 1 psec rise time observed in UV relay.

12 mJoules*
6. Sw #1669 closed to | Not recorded due to | Not recorded due to | BMI recorder shut down. Flashing
energize CCVT recorder shutdown. | recorder shutdown. | visible in low voltage wiring. RTU

motherboard damaged.

Table 1: Effects of CCVT energization and de-energization. Shield and secondary neutral
grounded at CCVT end. '

At the time of these first tests, we assumed that the BMI recorder was shutting down due to the
severity of the impulse in the input waveform.

The shield was next grounded at the control house end (location 2). Switch #1669 was then

opened and closed with varying open times and the impulse values were measured. The following
Table 2 shows the values of impulse current through the CCVT neutral and the impulse voltage at
the control house end of the secondary leads.

Switching action Ch 1 current | Ch 2 voltage | Alarms or failures
impulse level | impulse level

1. Sw #1669 opened to None recorded 660 Volts No alarms or failures. No
de-energize CCVT 8 psec rise time | flashing observed.

780 mJoules*
2. Sw #1669 closed to None recorded 1676 Volts No alarms or failures. No
energize CCVT after long 3 usecrise time | flashing observed.
delay. 170 mJoules*
3. Sw #1669 closed to 1092 Amps 2489 Volts No alarms or failures. No
energize CCVT after 8-second | 2 psec rise time 4 psec rise time | flashing observed.
delay. 600 mJoules*
4. Sw #1669 closed to 279 Amps 2184 Volts No alarms. Telco DST locked
energize CCVT immediately 1.5 psec rise time | 2 psec rise time | out without damage. No
after opening. 500 mJoules* flashing observed.

Table 2: Effects of CCVT energization and de-energization. Shield.grounded at control
house end and secondary neutral grounded at CCVT end.

* Note: The energy values shown in the tables in this paper are calculated by the BMI recording
device. The calculations assume the input waveform is dropped across a 50X2 resistor for the
duration of the impulse. This gives a relative idea of the intensity and duration of the disturbance.




Conclusion: While reducing the spurious alarms, equipment failures and visible flashing, the
addition of shielding grounded at one end did not reduce the level of recorded voltage and current
impulses. We did not view these results as satisfactory and conducted further investigations to
determine more comprehensive remedial measures.

Second Tests - MOV Surge Arresters

The next series of tests was intended to determine the effect of a metal oxide varistor (MOV)
surge arrester on the transients. A Harris-GE MOV, model no. V150PA20B, was installed across
the CCVT secondary terminals. These tests were conducted with the same shielded twisted pair
on the CCVT secondary conductor runs as in the first tests.

The following diagram (Fig. 3) shows the sensing location of two channels of a BMI model no.
4800 Powerscope impulse recorder that was used for this test. Note that the current sensing
channel was moved to the CCVT secondary leads and the voltage sensing channel was moved

from the control house to the CCVT end of the secondary leads.
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The shield was grounded first at the CCVT end (location 1). The CCVT secondary leads were
again grounded at the CCVT end. Switch #1669 was operated and the impulse values were
measured. The following Table 3 shows the values of impulse current through the CCVT
secondary conductors and the impulse voltage at the CCVT end of the secondary leads.

Switching action Ch 1 current | Ch 2 voltage | Alarms or failures
impulse level | impulse level

1. Sw #1669 closed to energize | 889 Amps 559 Volts No alarms or failures. Flashing

CCVT 2 psec rise time 2 psec rise time | observed in low voltage wiring.

2. Sw #1669 opened to 533 Amps 610 Volts No alarms or failures. Flashing

de-energize CCVT 1 psec rise time 12 psec rise time | observed in low voltage wiring.

3. Sw #1669 closed to energize | 483 Amps 914 Volts No alarms or failures. Flashing

CCVT after long delay

1.5 psec rise time

7 psec rise time

observed in low voltage wiring.

4. Sw #1669 closed to energize
CCVT immediately after
opening.

None recorded
due to recorder
shutdown

None recorded
due to recorder
shutdown

No alarms. RTU and BMI
recorder shut down without
damage. Flashing observed in
low voltage wiring.

Table 3: Effects of CCVT energization and de-energization with MOV surge arresters
installed across CCVT secondary output. Shield grounded at control house end and
secondary neutral grounded at CCVT end.




The energy content level of the above impulses was inadvertently not recorded.

The shield was next grounded at both ends (locations 1 & 2). Switch 1669 was then operated and
impulse values were measured. The following Table 4 shows the results of this test.

Switching action Ch 1 current | Ch 2 voltage | Alarms or failures
impulse level | impulse level
1. Sw #1669 closed to None recorded None recorded Recorder 120V supply fuse
energize CCVT immediately due to recorder due to recorder blown. Flashing observed in
after opening. shutdown. shutdown. RTU. Sw 1670 opened due to
damaged RTU control board.

Table 4: Effects of CCVT energization and de-energization with MOV surge arresters
installed across CCVT secondary output. Shield grounded at both ends and secondary
neutral grounded at CCVT end.

The unintended opening of switch #1670 resulted ina 17 minute outage to over 1000 customers,
including a large block of commercial load. Significant management attention was directed
toward this event and the subsequent testing.

After this second set of tests, we determined that the BMI recorder shutdowns were not due to the
severity of the impulses on the input. Rather, they were due to the severity of impulses coming in
through the 120VAC input power. Even when we tried to operate the recorders off of UPS
supplied power, the impulses were coming through the UPS units. If the UPS was not plugged
into AC power but the UPS and the recorder were not side by side, the 120VAC power cord was
picking up impulses merely by lying on the ground. We learned to avoid this situation by
operating the recorders off of their own internal batteries. This, however, led to some delays due
to dead batteries.

Conclusion: The MOV across the CCVT secondary output did not provide much benefit in this
instance. Nor did grounding the shield at both ends provide any improvement.

Third Tests - CCVT Ground Switch and Remote 115kV Switching

The next series of tests was intended to determine two things. First, we wanted to know whether
the transients were still present if the lower voltage capacitor of the CCVT was shorted using the
grounding switch. Closing the ground switch effectively reduces the CCVT secondary steady-
state voltage to zero but does not remove the transient inrush current into the CCVT. These tests
told us if the transient voltage was coming from the CCVT low voltage winding through the
secondary leads or was being created by the CCVT inrush current and impressed upon the
secondary leads. '

Second, we sought to establish whether the transients were affected by the location of the
switching device. To do this, we operated a 115kV switch at our Alderwood substation to
energize and de-energize the CCVT from a distance of approximately 0.99 miles of 795kcm
AAC.

These tests were conducted with the same shielded twisted pairs on the CCVT secondary
conductor runs as in the first tests. The following diagram (Fig. 4) shows the sensing location of
three of eight channels of two BMI model no. 4800 Powerscope impulse recorders that were used
- for this test.
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Fig. 4: CCVT Ground Switch & Remote Switching Test One-Line Diagram

The shield was grounded at the control house end (location #1). The MOVs that were installed in
the second tests were left in place across the CCVT secondary terminals. The CCVT secondary
leads were again grounded at the CCVT end. Switches #1577 and #1669 were then operated and
the impulse values were measured. The following Table 5 shows the values of impulse current
through the CCVT neutral and the impulse voltage at the CCVT end of the secondary leads and at
the RTU 48VDC input.

Switching action CCVT neut CCVT RTU input Alarms or failures
current secondary voltage
impulse level | voltage impulse level
impulse level

1. Sw #1577 (remote) 229 Amps 610 Volts 660 Volts No alarms or failures. No
opened to de-energize CCVT | 1 usec rise time 2 psec rise time 1.5 psec rise time | flashing observed.
(with ground switch open) 36 mJoules 67 mJoules
2. Sw #1577 (remote) closed | 330 Amps 1117 Volts 356 Volts No alarms or failures. No
to energize CCVT (with 1 psec rise time 1 psec rise time | 2 psec rise time flashing observed.
ground switch open) 210 mJoules 22 mJoules
3. Sw #1577 (remote) 229 Amps 813 Volts 711 Volts No alarms or failures. No
opened to de-energize CCVT | ] psec rise time 1 psec rise time | 2.5 psec rise time | flashing observed.
(with ground switch closed) 130 mJoules 78 mJoules
4. Sw #1577 (remote) closed | 254 Amps 1168 Volts 660 Volts No alarms or failures. No
to energize CCVT (with 2 psec rise time 4 usecrise time | 2.5 psec rise time | flashing observed.
ground switch closed) 600 mJoules 70 mJoules
5. Sw #1669 (local) closed >1600 Amps 762 Volts 559 Volts False annunciator alarms and
to energize CCVT (with 2 usec rise time 6 psec rise time 2.5 psec rise time | SCADA status indications and
ground switch closed) 200 mJoules 57 mJoules alarms. RTU shutdown

without damage. Flashing

observed in RTU cabinet.
6. Sw #1669 (local) opened | 254 Amps 660 Volts 406 Volts No alarms or failures. No
to de-energize CCVT (with 1.5 psec rise time | 8 psec rise time | 8 psec rise time flashing observed.
ground switch closed) 1000 mJoules 190 mJoules

Table 5: Effects of CCVT energization and de-energization with CCVT secondary capacitor shorted to
ground and CCVT energization from remote switch location. Shield grounded at control house end and
secondary neutral grounded at CCVT end.



Conclusion: Shorting the CCVT secondary by operating the grounding switch did not impact the
level of the transients. This indicated that the CCVT low voltage winding was not generating the
transients.

Moving the switching location further from the CCVT reduced the level of the transient CCVT
current and the incidence of abnormal device behavior. The transients were more severe when
the local 115kV switch was operated as opposed to the switch one mile away. Although this
reduced the undesirable elements involved with the CCVT transients, we felt that limiting system
operation by not allowing certain switching sequences was not the best solution to the problem.

Fourth Tests - CCVT Secondary Ground Location

The last series of tests was intended to determine the effectiveness of some changes that we
learned of while researching solutions to our problem.

The first change was to replace the shielded conductor in PVC conduit with #12 CU THHN
conductors enclosed in 1-inch galvanized steel conduit, grounded at both ends, on the CCVT
secondary conductor runs. Even a very low resistance ground grid cannot be considered as an
equipotential surface. Substantial grid potential differences, which cannot be practically
eliminated, may occur during system transients. Low resistance conductors in close proximity to
affected control circuits can best accomplish neutralization of the effects of these potential
differences. Such conductors will carry currents proportional to the grid potential differences and
induce a counter voltage in the control cables, thus effecting neutralization'. The steel conduit
serves as both a shield and a low resistance conductor in close proximity to the CCVT secondary
conductors. The undervoltage relays were located within several inches of the galvanized steel
conduit ends on the control house wall to minimize the exposure of unshielded CCVT secondary
conductor.

The second change was to relocate the ground of the CCVT secondary from the CCVT location
to the control house end of the secondary conductor run, near the undervoltage relay'*. A ground
conductor was connected directly from the undervoltage relay to the grounded terminal on the
control house wall. This serves to minimize the potential rise near the relay equipment and to
reduce the shock hazard to personnel in the control house. The obvious benefit of this can be
understood when we consider the voltage rise (Vy in Fig. 5) with respect to ground at the base of
the CCVT during a fault. Fault current of several hundred amps with a rise time around one
microsecond can produce a very high voltage across the inductance of a ground lead (Lgr in Fig.
5) of several feet in length. If we connect the CCVT secondary to ground at that point, this high
level impulse is conducted directly into the control house.
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A third modification was tested with the addition of a 1202 resistor across the coil of the
undervoltage relay. The goal was to determine whether the coil itself was generating an impulse
that could be damped out by the addition of the resistor.

The last change made was the provision of a continuous high ampacity copper path to the ground
mat from the CCVT ground terminal. We installed a #4/0 CU conductor from the CCVT ground
terminal to the ground grid at the base of the CCVT stand. This removed the steel stand as the
path for the CCVT current. This was done to lower the impedance of the path to ground and to
improve the safety of personnel working on or near the CCVT while energized.

The following diagram (Fig. 6) shows the sensing location of three of eight channels of two BMI
model no. 4800 Powerscope impulse recorders that were used for this test.
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Fig. 6: Relocated CCVT Secondary Ground & Steel Conduit Shield Test
One-Line Diagram

The steel conduit shield was grounded at the base of the CCVT and at the entry to the control
house. It was electrically isolated from the CCVT junction box by a short section of PVC
conduit. The CCVT secondary leads were grounded at a terminal strip right next to the
undervoltage relay instead of the CCVT end. For tests #7 and #8, a 1202 resistor was placed in
parallel with the undervoltage relay coil. For the last two tests, a #4/0 CU conductor was installed
from the CCVT ground terminal to the ground grid at the base of the CCVT stand. Switch #1669
was operated and the impulse values were measured. The following Table 6 shows the values of
impulse current through the CCVT neutral and the impulse voltage at the CCVT end of the
secondary leads and at the RTU 48VDC input.



after 5-second delay

Switching action CCVT neut CCVT sec RTU input Alarms or failures
current voltage voltage
impulse level | impulse level | impulse level

1. Sw 1669 closed to energize | 1194 Amps 762 Volts 305 Volts No alarms or failures. No
CCVT 1 usec rise time 1 psec rise time 1 psec rise time flashing observed.

49 mJoules 2.8 mJoules
2. Sw 1669 opened to 330 Amps 406 Volts 254 Volts No alarms or failures. No
de-energize CCVT 1 psec rise time 1.5 psec rise time | 1 psec rise time flashing observed.

41 mJoules 1.0 mJoules
3. Sw 1669 closed to energize | 229 Amps 508 Volts 508 Volts No alarms or failures. No
CCVT 1.5 psec rise time | 1.5 psec rise time | 2 psec rise time flashing observed.

52 mJoules | 5.9 mJoules
4. Sw 1669 opened to 406 Amps 457 Volts 254 Volts No alarms or failures. No
de-energize CCVT 1 psec rise time 8 psec rise time 0.5 psec rise time | flashing observed.

490 mJoules 1.4 mJoules
5. Sw 1669 closed to energize | 229 Amps 457 Volts 406 Volts No alarms or failures. No
CCVT 1 psec rise time 1 psec rise time 1.5 psec rise time | flashing observed.

46 mJoules 4.6 mJoules
6. Sw 1669 opened to 508 Amps 559 Volts 406 Volts No alarms or failures. No
de-energize CCVT 8.0 usec rise time | 8 psec rise time 1 psec rise time flashing observed.

450 mJoules 2.8 mJoules
7. Sw 1669 closed to energize | 990 Amps 813 Volts 457 Volts No alarms or failures. No
CCVT (w/ 120€2 resistor 2.5 psec rise time | 1 psec rise time 0.5 psec rise time | flashing observed.
across UV relay coils) 59 mJoules 12 mJoules
8. Sw 1669 opened to 356 Amps 508 Volts 356 Volts No alarms or failures. No
de-energize CCVT (w/ 120Q 1 psec rise time 2 psec rise time 1 psec rise time flashing observed.
resistor across UV relay coils) 36 mJoules 6.2 mJoules
9. Sw 1669 closed to energize | 990 Amps 1219 Volts 356 Volts No alarms or failures. No
CCVT (w/ 1-#4/0 CU ground | 2.5 psec rise time | 2.5 psec rise time | 1 psec rise time flashing observed.
conductor on CCVT) 46 mlJoules 5.7 mJoules
10. Sw 1669 closed to 1321 Amps 711 Volts 406 Volts No alarms or failures. No
energize CCVT (w/ 1-#4/0 CU | 2.5 psec rise time | 2 psec rise time 1 psec rise time flashing observed.
ground conductor on CCVT) 54 mJoules 1.9 mJoules

Table 6: Effects of CCVT energization and de-energization . Galvanized steel conduit shield grounded at

both ends and secondary neutral grounded at control house end.

Conclusion: All alarms and failures were eliminated. No flashing was observed, even for the
most severe switching conditions. The peak value of the voltage impulses at the CCVT
secondary terminals was not greatly affected, but the energy content was reduced in most cases.
The most telling measurements were made at the RTU 48VDC input terminals. Again, the peak
values were not greatly affected. But the previous tests showed energy content of 57 and 190
mJoules when the local switch was operated. For these final tests, the content was between 1.0
and 12 mJoules, with all but one case at 6.2 mJoules or lower.

We felt that the impacts of the CCVT transients had been eliminated from the autosectionalizing
undervoltage detection scheme. All the modifications evaluated in the final tests, except the
resistor across the undervoltage relay coil, were recommended for implementation at eleven other
autosectionalizing sites on the PUD’s system. All have been in service since then without any
reported CCVT transient problems.
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