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EXECUTIVE SUMMARY

This final report documents all the expcrimental work performed by Cooper Power Systems, Cooper
Industries, Inc., for the Oak Ridge National Laboratory under the subcontracts 11X28611C and
17X-SB-374V.

This research effort required the performance evaluation of three specific insulation systems in
common usage by electric power transmission and distribution utilities under stresses imposed by

° three characteristic impulse waveforms [two waves representative of steep-front short duration
(SFSD) impulses and onc representative of lightning],

o the cumulative effect of multiple "shots" of each pulse,
° 60 Hz voltage, and, where appropriate,
° mcchanical load.

The insulation systcms evaluated are the cellulose-paper/oil combination typical of power transformer
and condenser bushing usage, the cellulose-paper/enamel/oil combination used in distribution
transformer construction, and the porcelain/air combination representing transmission and distribution
line structural insulation.

The impulse waveshapes used in this evaluation are defined in the final report of the first phase of
this project. These waveshapes are

L a lightning wavc having a 1.2-us risc time and 50 us to half crest on the tail,

L a fast-front wave of 100-ns rise time typical of slower electromagnetic-pulse- (EMP-) coupled
impulses and system transients and having a nominal 500-ns time to half crest, and

o an SFSD wave of 10- to 20-ns risc time typical of the faster EMP-coupled impulse, with very
fast switching transients and with half-crest times in the range of 100-300 ns. All effort
rcpor:ed herein used conducted impulscs.

The major results of (his investigation are:

1. Electric power apparatus having basic insulation levels (BILs) greater than S50 kV are less
likely to bc damaged by large-magnitude SFSD impulses than are apparatus having basic
insulation levels (BILs) less than 550 kV.

2. The likelihood of damage incrcases as the BIL is reduced to less than 550 kV. Severe damage
can be expected for apparatus in the 95- to 200-kV BIL range.

3. The insulation sy.iecm of unprotected and poorly protected distribution transformers can be
damaged to failure by SFSD impulscs in both the energized and uncnergized conditions. Poorly
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protected distribution transformers are those with arresters mounted some distance from the
transformer bushing.

Line insulation, usually porcelain suspension insulators, has also failed when subjected to SFSD
impulses in both the energized and unenergized conditions.

The cellulose/oil insulation system used in power-apparatus bushings failed when subjected to
SFSD impulses.

The dielectric dcgradation of the insulation system of an insulator or a transformer
experiencing an SFSD impulse may or may not result in an immediate catastrophic event.
Cumulative damage is the norm, leading to failure at an indefinite future time.

Conventional silicon-carbide and metal-oxide varistor lightning arresters are capable of
mitigating the impact of the SFSD conducted impulses on transformers.

The best application of lightning arresters—viz., the very close juxtaposition of arrester and
transformer input bushing, with a direct connection between them—has prevented failure of
the transformer in all cases.




PREFACE

The Office of Encrgy Storage and Distribution of the United States Department of Energy has
formulated a program for the research and development of technologies and systems for the
asscssment, operation, and control of electric power systems exposed to electromagnetic pulses
(EMPs). Because high-altitude EMPs can induce kiloampere currents having nanosecond rise times
that can potentially damage insulation systems, a section of the program is identified as Insulation
Damage Studies. The work being discussed was performed as a major part of this section and
addresses the impact of steep-front short-duration (SFSD) impulses on power system insulation.

Examination of dielectric behavior under steep front (ns rise time), short duration (to 1 us) pulses
is just beginning. Interest in this area has been enhanced by the increased use of solid hydroczrbon
insulation, some observed insulation breakdown under certain conditions of pre-stress,! and the
postulated failure of transformers under fast surges.2 While it is difficult to predict the response of
a specific insulating material or insulation system under SFSD pulses, breakdown would seem to be
possible for pulses of adequate duration and intensity. Experimental data is needcd to further quantify
this bchavior.

Clayton and others have postulated that the delayed or anomalous failure of transformers may also
be initiated by the SFSD pulse.? Consider a mixture of liquid and solid insulation, as found in
transformers, and assume that an SFSD pulse of adequate duration breaks down the liquid but only
"damages” the solid in some unspecified manner. The implication that such a damaged system might
later fail under less-than-design operating conditions is the basis for postulating that SFSD impulses
cause delayed or anomalous failures.

What arc the sources of such SFSD pulses? Multiple-stroke lightning is perhaps the most likely
sourcc. However, the back-flashover of lightning to tower or shield wire is also capable of producing
such cffects.? Because the currents induced by the nuclear electromagnetic pulse (NEMP) have rise
times of tens of nanoseconds and are capable of generating kiloamp currents of several microseconds
duration,>*’ a better understanding is required of the potential impact of SFSD impulses on the
.insulation systems used in power apparatus.

The above effects have been discussed as potential problem areas for many years; however, the
techniques and experimental apparatus necessary for examining these issues in detail were not readily
available to the electric power industry. This work will attempt to solve some of thesc problems.

Phasce I of this effort resulted in an extensive literature search to determine what was known about
how SFSD impulses interact with electric power insulation systems.® Included in that report was
identification of perceived dielectric problem areas for power systems and apparatus, followed by the
characterization of the problem of insulation response and identification of models and proposed
experiments to explain the perceived response.

One mcthod of attacking the experimental problem has been to test several insulation types starting

with a known standard waveform, such as the 1.2- by 50-us impulse used for lightning simulation, and
perform a series of tests using steeper rise times and shorter-duration impulses.
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The insulation system models ranged from the elementary to the complex, simulating use in power
system apparatus. However, the extrapolation of this data to the performance of power system
apparatus has not been very successful. Therefore, this project used the staged approach to test
production apparatus insulation systems rather than individual insulation materials.

The sources of SFSD impulses and their characteristics as developed in the Phase I effort and since
updated are summarized in the table below.

Characteristics of SFSD impulse sources

SFSD IMPULSE TYPE
EMP PLANE
CHARACTERISTIC LIGHTNING | WAVEFORM SYSTEM-
(TYPICAL GENERATED
WAVEFORM)
FIELD Electric (E) 40 kV/m 50 kV/m 10 kV/m
STRENGTH
(FREE SPACE) Magnetic(M) 300 A/m 1000 A/m 300 A/m
Rise time 20-500 ns 10 ns 10 ns
IMPULSE
SHAPE Time to half 5-20 ps 10-200 us 1-5 ps
value
PEAK CURRENT 200 kKA 10 kA* ---
PEAK VOLTAGE — 2000 kv* 2-3X system
voltage
PULSE DURATION 10-1000 ps 1 us 1-10 ps

*Peak induced values.

From most vulnerable to least vulnerable, the perceived susceptibility of various electric-power-system
apparatus to damage by the SFSD impulse is ranked as follows (updated from the Phase I report):

1. electronic controls,
2. cables, cable potheads,
3. distribution transformers,

4. line insulation, porcelain support structures,
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5. power transformers, and

6. hcavily protected generators.
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1. PROJECT GOALS

1.1 INTRODUCTION

Examination of the response characteristics of materials subjected to pulses with dificrent rise times
and durations has led to the definition of three specific pulses, namely 10 by 150 ns, 100 by 500 ns,
and 1.2 by 50 us. These pulses, which reflect different physical response regions, were defined in
Phasc I of this effort.! Based upon insulation structure and exposure, work in Phase I indicated that
conductor structural insulation, cables, electronic controls, and both power and distribution-class
transformers are the components that appear to have the greatest susceptibility to damage when
exposced to steep-front surge voltages. Liquid and gaseous dielectrics are generally self-restoring
following brcakdown, but solid insulation (such as paper, polymers, ceramics, glass, or rubber) and
combinations of solid and liquid or gases are not self-restoring. Hence, solids and combinations
involving solids are most vulnerable to permanent damage.

This rescarch secks to provide models for the dielectric response of key apparatus installed in electric
power systems that may be susceptible to damage from steep-front short-duration (SFSD) voltage
impulses and to confirm the validity of these models and the apparatus’ susceptibility to damage
through testing. These models can be claborate mathematical models or relatively simple stochastic
failure models. The intent is to assess the response of power systems insulation to impulses of equal
or greater amplitude, shorter duration, and faster rise times than those presently used for insulation
cvaluation, and then use the results to recommend methods of predicting this response.

Transformers and generators are the most costly discrete components and require the longest time
to replace should dielectric failure occur. In addition, the possibility of multiple failures of the
structural insulation of overhead transmission and distribution lines must be considered. While unit
costs of such components are relatively low, the failure of a significant number of units within a
relatively short time requires that time for replacement be considered in assessing the components’
vulnerability, particularly for insulation failure induced by nuclear electromagnetic pulse (NEMP).

This investigation examines closely the modeling and testing of critical portions of transformers and
their accompanying overvoltage protective devices, and, where appropriate, the modeling and testing
of bushings and structural insulation for transmission/distribution lines. The insulation systems
involved are paper/oil for power transformers, enamel/paper/oil for distribution transformers, and
porcelain/air for structural insulation systems. The paper/oil system is similar to that used in
powcr-apparatus bushings and in some cables. Both enamel/paper/oil and paper/oil systems are also
uscd in instrument transformers as well as in regulating transformers. The porcelain/air system, which
is the prcdominant structural insulation system installed on existing electric power transmission and
distribution lines, is also closely examined. Several different designs of line structural insulation are
covered, such as porcelain pin, post, cap-and-pin, and suspension insulators. The basic objective is to
determine the responses of these insulation systems to fast-rising voltage impulses.

Limited cvaluation of other insulation systems is considered. Although electronic controls containing
solid state devices may be vulnerable to SFSD impulses, evaluation of the insulation systems and of
the performance of the assembled devices is not a part of this project.




Both uncenergized and energized models/specimens are evaluated using conducted SFSD impulses.
Radiated SFSD impulse evaluations are not included in this effort.

1.2 STATEMENT OF GOALS

The primary objective of this rescarch was to examine the physical and engincering structure of the
insulation systems most frequently subjccted to overstress by SFSD voltage impulses and to determine
how thesce insulation systems respond. Unenergized and energized systems were used as appropriate.
To achieve this objective, the following tasks were completed:

® Sclect a representative set of components for extensive testing and modeling. Obtain an extensive
amount of quality experimental data on each selected type for both 1.2- by 50-2:s and SFSD impulses.

e Perform controlled laboratory experiments with smaller models and insulation test cells to identify
failure mechanisms and their dependency on temperature, time before breakdown, volume, thickness,
history, age. ctc., for uncnergized specimens.

® Usc low-voitage, fast-front impulscs conductively coupled to the termanais of selected experimental
models to measure the voltage distribution to determine the location(s) of the most severe dielectric

stresses within the selected model. Measure the effect of the transformer bushing where applicable.
Use unenergized specimens.

® Using cxisting computer models to predict the response of the components, determine the location
of the highest diclectric stress arca, based upon wave propagation theory, winding parameters,

transmission line theory, and appropriate computcer calculational techniques.

® Pcrform controlied laboratory experiments on full-size models as appropriate and verify forecasted
failure (highest stress) locations. Perform these experiments on both unenergized and energized
models.

e Corrclate laboratory cxperimental results and ficld experience relative to anomalous apparatus
failurcs.

® Rccommend improved protection practices for clectric power apparatus.




2. LOW-VOLTAGE IMPULSE DISTRIBUTION:
EXPERIMENTS AND MODELS

These studics were performed on transformer windings and a condenser bushing core that were
carcfully penetrated to permit the attachment of leads at each desired measuring point. These
penctrations were performed with the least possible disturbance to the specimen. After attachment
of the leads, the specimens were retanked (in the case of the transformers) or mounted in a manner
simulating installation (in the case of the bushing). Typically, a low-voltage (50-V or less) impulse of
the desircd waveshape was applied to the specified terminals. The response at each of the discrete
attachment points was recorded simultaneously with the impulse application. From this data a
normalized distribution of the impulse voltages was prepared.

2.1 WAVESHAPES
Bascd upon prior studies, three waveshapes were selected. These are:
® the 1.2- by 50-us lightning impulse, for comparison with known/published data;

® thc 100- by 500-ns fast-impulse wave, typical of some power system transients and slower EMP
waves; an

® thec 10- by 165-ns SFSD impulse wave, typical of the high-altitude electromagnetic pulse
(HEMP), some lightning phenomena, and certain switching transients in substations.

Whencver these waveforms could not be produced, the priority was to obtain a wavefront as close
as possible to that desired. The time to half-crest on the tail (i.e., pulse duration) was allowed to
increase.

22 FACILITIES
This scction discusses the instrumentation and low-voltage pulse source used.

2.2.1 Instrumentation

The primary instrumentation consisted of a two-channel state-of-the-art LeCroy Transient Waveform
Digital Recording package. This package includes a Model 6880 Transient Recorder; a TR8828C
Transicnt Wavcform Digital Recorder with expanded memory MM8104A; a Model 6010 MAGIC
Controller; and a Model 6103 Dual Amplifier, Attenuator, and Trigger Generator. The system is
housed.in a Model 8013 Housing and Power Supply connected to a Compaq™ Portable Computer
and Printer via an IEEE 488 bus. The LeCroy CATALYST Software System is used. This package
had greater than 0-300 MHz bandwidth on one channel and greater than 0-200 MHz bandwidth on
the sccond channel. The equipment is transportable, and after certain modifications by the
manulacturer to the faster digitizer, the TR6880, it functioned without problems at each of the widely
scattered laboratories used in these tests. Voltage measurements were made either by direct
conncction to the transient recorder inputs or through voltage dividers and attenuators. Current
mcasurcments were made through use of modified, miniature, high-frequency current transformers




supplicd by Pcarson. It was mandatory to maintain 50-Q impedance matching for all voltage, current,
and transient recording connections. See Fig. 2.1 for a full description of this packagc.
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Fig. 2.1. Transportable high-speed data acquisition system uscd throughout the program based on
LeCroy Transicnt Recorders, IEEE 488 BUS, and a portable personal computer.

Where necessary this cquipment was supplcmented by additional instrumentation specific to the
variable being dctected. Figure 2.2 shows one example of additional instrumentation used.

2.2.2 Low-Voltagc Pulsc Source

All of the low-voltage impulsc studies were performed with pulse magnitudes of 50 V or less. The
pulses were repetitive, providing stable and repeatable measurements. Several wave-form generators
were used, their outputs being modified to produce the desired waveforms. This assembled equipment
was also rcadily transportable and performed without error at the several locations involved in this
program. Figure 2.3 provides a schematic and the details of a typical experimental setup.
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Fig. 2.2. Supplcmental high-spced data acquisition systcm based on the Tektronix 7912AD
Digitizcr.
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Fig. 2.3. Schematic for low-voltage SFSD impulsc tests on distribution transformers. The
groundcd transformer tank is not shown.

2.3 MODELS

Low-voltage impulse distribution studies were performed on a shell-form distribution transformer, a
corc-form distribution transformer, a core-form power transformer, and a power-apparatus bushing
corc. The shell- and core-form distribution transformers arc representative of the available
transformer types. The core-form power transformer was used because of availability, and the power
transformer bushing was tested to determine the bushing’s response as a scparate component. A



description of cach insulation system is presented at the beginning of the section describing the
particular system. Test results follow cach system description.

2.3.1 Shcll-Form Distribution Transformer Model

The shell-form distribution transformer that was tested had the following characteristics: 75 kVA, pole
mount, 14.4 kV-120/240 V, 125-kV BIL, 2 bushings, oil insulated, and no taps.

This transformer was once of a group of identical units being subjected to high-voltage SFSD impulses.
The low-voltage impulsc distribution analyses identified the high-stress regions for each of the three
impulse waves. Subscquently, other units from this same group were intentionally made to fail by
high-voltage impulse testing only, onc unit being made to fail with each of the three impulse waves.
The low-voltage studies were uscd to advantage during subsequent analvsis of the failed transformers.

The coil assembly of this transformer uses a split secondary, with ouc half on either side of the
primary for conventional LO-HI-LO construction. The primary winding used enameled, flattened
copper wire. The secondary winding was of sheet construction.

The insulation systems uscd in this design rely upon oil and paper/oil for the major insulation between
primary and sccondary windings and between windings and ground. Primary layer insulation is also
paper/oil. Primary turn insulation is enamel/oil. Secondary turn insulation is paper/oil.

Probes were attached to the primary high-side and low-sidc terminals and to the outer turn of each
primary winding layer at the common connection between adjacent layers. These probes divided the
primary winding into 17 scgments to detect the impulse voltage as it distributed itself throughout the
winding. This provided a well-defined overall picture of the impulse distribution. The outermost
primary coil layer was approximately one-half the height of the coil, the terminal connection being
made at the approximate mid-point of the coil. Because additional detail was desired in the region
of the first few turns of the high end of the primary, a window was cut through the outer insulation,
through the center section of the outermost secondary winding, and through the LO-HI barrier
insulation, thereby exposing the first few turns of the primary. Short lengths of wirc were carefully
soldered to cach of these turns in an echelon pattern. Probes were subsequently clipped to these
lcads and restrained in place. After it was verified that all leads and probes were crrectly located,
the core/coil and probe assembly was retanked. This transformer was subsequently reimpregnated
using repeated vacuum cycles at room temperature.

Figure 2.4 schematically displays the connection of the probes to the primary winding of this
shell-form distribution transformer. Figurc 2.5 shows the interchangeable probe tips in place on this
winding. Figure 2.6 shows thc complcted core/coil/probe assembly ready for retanking and
impregnating.

2.3.2 Core-Form Distribution Transformer Model

The insulation system used in the core-form distribution transformer is very similar to that used in
the shell-form transformer, being a combination of paper, enamel, and oil. There are generally only
small diffcrences between the papers, enamels, and oils of the core and shell designs. However, there
was cxpected to be a difference between their impulse voltage distributions based on the significant
difference between the coil positions in the designs. Accordingly, a 50-kVA, 14.4/24.9-kV—+120/240-V,
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Fig. 2.4. Schematic of probe connections to the shell-form distribution transformer.




Fig. 2.5. Interchangcable probe tips in place on the shell-form distribution transformer’s primary
winding.
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Fig. 2.6. Lcads attached to individual turns through an access window c¢it in the outer secondary
winding and LO-HI barricr insulation, and winding/core probc assembly ready for rctanking.
Insufficicnt space existed between the outer perimeter of the secondary and the tank wall to allow
placement of the probe tips immediately adjacent to the windowed arca.



125-kV BIL, single-phase, 2-bushing, tapped-primary, oil-insulated, ¢- .e-form, pole-mount unit was
sclected. The core/coil assembly of this transformer consisted of LO-HI coils on each of the core legs.

As in the shell-form core, probes were attached to the primary high-side and low-side terminals and
to the outer turn of cach primary-winding layer at the common connection between adjacent layers.
The additional detail required at the high-side entrance to the primary was readily obtained by
removing part of the outer insulating wrap, exposing the primary winding. In this core, no secondary
coils had to be penetrated. As before, short leads were soldered to the first few turns of the high-side
cnd of the primary coiis, and probes were attached to these leads. Following verification that all
leads/probes were properly located and restrained, the core/coil/probe assembly was tanked and
reimpregnated.

Figure 2.7 shows schematically the probe connections to the core-form primary windings. Figure
2.8 shows the core-form corc/coil/probe assembly ready for retanking.

2.3.3 Core-Form Power Transformer Model

The typical core-form power transformer uscs oil as the major insulation between the energized coil
asscmbly and tank, paper/oil as turn insulation, and oil/paper/press-board spacers as insulation
between layers (pancakes or disks). Other materials such as fiberglass-reinforced resin tubes may be
used as coil forms and in primary/secondary barrier insulation. The insulation system of interest is the
turn insulation, typically multiplc layers of kraft paper spirally wrapped around the conductors. These
insulatcd conductors have been formed into pancake coils that are separated by press-board (kraft)
strips. The entire asscmbly is typically vacuum-impregnated with hot, dry oil.

The model selected for low-voltage impulse distribution analysis of power-transformer coil insulation
was onc phase of a 3-phase, 16.4/21.9/27.3-MVA, 230-kV, grounded-Y, 750-kV BIL primary to
13.8-kV W, 110-kV BIL sccondary core-form power transformer.

Figure 2.9 displays one outboard phasc of the untanked core/coil assembly of this transformer. This
particular specimen was well-suited to the physical modeling requirements. The center-start balanced
primary winding was of the continuous disk type, consisting of a single, multilayered-paper insulated,
rectangular cross-section conductor. Sensing leads could be conveniently fastened to the outer
peripheral transitions between disks. Segments of the primary windings from this phase and the other
outboard phase were also available for other test purposes.

Figure 2.10 shows the sensing leads attached and fastened in place. All sensing leads were of identical
length from the attachment point to a temporary terminal bcard located above the primary winding
but below the oil level (see Fig. 2.11). Following verification that all leads were satisfactorily installed,
the complete core/coil assembly was retanked and impregnated using a hot-oil/vacuum process. Figure
2.12 shows schematically the locations of the sensing leads on the primary winding.

The procedure followed in gathering data from this specimen was similar to that used for the
distribution transformers. The desired waveshape was injected into the high side of the primary
winding, and the response was measured simultaneously at a tap. All measurements were referenced
to the transformer core/tank. A positive connection between the core and tank was made at the core
ground point located between B and C phases. All of these measurements were made with the tap
switch position selected to insert the full primary winding, tap A. The transfcrmer cover and the three
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core-form distribution transformer.
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Fig. 2.8. Core-form distribution transformer’s corc/coil/sensing-lead/probe assembly ready for
rctanking.
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Fig. 2.9. Outboard phase of the 16.4-MVA core-form power transformer with sensing leads and
tcmporary tcrminal board in place, ready for retanking.
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Fig. 2.10. Details of sensing-lead attachment to the disk transition points, core-form
transformer.
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Fig. 2.11. Temporary terminal board installed under oil above the primary winding; sensing lcads
arc numbcred.
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primary bushings were not installed. The delta-connected secondary was not grounded. Subsequently,
impulse voltage measurements were made with a primary bushing suspended approximately at its
as-installed position. The test impulsc was then injected on the entrance terminal of this bushing, and
the voltage division among the bushing, primary winding, and secondary winding was determined.

2.3.4 Power-Apparatus Bushing Model

Power-apparatus bushings uscd with oil-filled equipment also use a paper/oil insulation system. A
typical example is a condenser-type bushing using a graded core wound on a central conductor having
mctallic foils between one or more layers of paper. This core assembly is installed in an oil-filled
poreelain housing. The paper sheet stock used in these bushings is typically thicker than the paper
strip used for conductor insulation for the power transformer and thinner than that used for layer
insulation in the distribution transformer. Multiple layers of paper are used between adjacent layers
of foil. The resulting thickness is substantially greater than the total thickness of paper used for the
power transformer’s turn insulation or the distribution transformer’s layer insulation. This added
thickness of insulation significantly alters the capacitance of the system being tested, hence the
transicnt response.

When the power-apparatus Sushing is subjected o lightning-type impulses having an amplitude
greater than the BIL, the typical response is exiernal flashover (FO). In the absence of dielectric
degradation, the bushings are sclf-protecting.

Scveral aspects of bushing performance are to be determined in this program:

® Docs tne sclt-protecting mode (external FO) hold true for cach of the two faster waves
specified?

® If so, what is the front-of-wave flashover (FOWFO) leve! for cach of the waves, and what is
the resulting ratio of the steeper-wave FO to the lightning FO?

® Arc the bushings damaged by the application of 800-1100-kV steep-front impulses?
® Ifs0, is the damage cumulative or catastrophic?

® Can the potential tap normally used for bushing diagnostics be used reliably for monitoring
transicnt responses of the bushing?

Bascd upon prior experimental testing with conducted SFSD and lightning-wave impulses and the
cvaluation of station-class lightning-arrcster performance under similar conditions, power-apparatus
bushings having a 550-kV BIL, 800-A rating were sclected as the desired devices for modeling. An
alternative rating of 650-kV BIL, 800 A could also be used. Thesc bushings were interchangeable,
able to be installed in cither power transformers or oil circuit breakers as desired.

A 650-kV-BIL bushing core asscmbly was sclected for the low-voltage impulse distribution study. This
core assct, Hly was prepared by removing a narrow strip of all the paper insulation from both the
upper and lwer tapered sections of the core, extending from the maximum diameter at the mounting
flange area down to the central conductor (scc Fig. 2.13). This procedure resulted in a narrow trench
exposing the edge of cach of the foils embedded in the core (sce Fig. 2.14). Sensing leads could then
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Fig. 2.14. Prcparcd tapered section of a 138-kV, 550-kV-BIL power apparatus bushing core. The
exposcd edges of the foils are visible in the bottom of the trench.
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be clipped to the foil edges to permit the impulse-voltage distribution to be determined. The bushing
ground sleeve, Fig. 2.13, was simulated by using aluminum foil in the appropriate region on the core.
This bushing core was held vertically in a nonconducting stand (see Fig. 2.15).

Fig. 2.15. Prepared bushing core in place in a nonconducting stand. The bushing ground sleeve
has becn simulated by wrapping aluminum foil around the core within the desired region.
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2.4 RESULTS OF LOW-VOLTAGE IMPULSE DISTRIBUTION ANALYSIS

This section gives results of low-voltage impulse distribution analysis. for shell-form and core-form
distribution transformers, core-form power transformers, and 138-kV condenser power-apparatus
bushing cores.

24.1 Results of Low-Voltage Impulse Distribution Analysis of the Shell-Form Distribution
Transformer

Figure 2.16 displays the impulse-voltage distribution for each of the three waves, yiclding the
maximum voltage appcaring at the sensing taps independent of the time of occurrence. For the 1.2-
by 50-us and 100- by 500-ns waves, the voltage difference between any given sensing tap and the
second tap point on cither side provides a measure of the layer-to-layer voltage stress. The voltage
differcnce between adjacent taps, when divided by the number of turns per layer, will yield a mecasure
of the average turn-to-turn voltage stress because the voltage stress was expected to vary more
rapidly. In the case of the 10- by 150-ns wave, the sensing-tap spacing along the winding is not
uniform, i.c., ncar the high-side end of the winding, the taps were spaced as closcly as onc turn,
yielding turn-to-turn stresses. Selected tap points will yield the layer-to-layer stress.

Interpretation of Fig. 2.16 yiclds:

(a)  The highest stress for the 1.2- by 50-us wave occurs across the turn insulation on the first layer
at the high terminal connection between 100% and the first data point. This stress is less than
the stress in the same arca for either of the other two waves.

(b)  The highest stress for the 100- by 500-ns wave also occurs across the turn insulation of the first
layer of the primary winding. This stress is about four times that which occurred in the case
of the 1.2- by 50-us wave. The highest layer-to-layer stress occurs between the first and second
layers and the second and third layers. This stress is about two times the highest stress
determined for the 1.2- by 50-us wave.

(¢)  The maximum turn-insulation stress for the 10- by 150-ns wave occurs among the first few
turns and among the last few turns of the primary winding. Although not directly obtainable
from Fig. 2.16, these stresses are 25 to 50 times those measured for the 1.2- by 50-us wave.
The maximum layer-insulation stress appears between the first and second layers. This stress
is about four times that of the 1.2- by 50-us wave and approximately twice that of the 100- by
500-ns wave.

Those regions identified as having the highest stresses for each of the waves are the regions in which
failures arc expected when transformers of this design are tested at high impulse voltages.

Caution must be uscd when interpreting Fig. 2.16. Because of the traveling waves, reflections, and
rclated propagational phenomena, the transformer responds differently to each wave. As the wave
penctrates, the winding voltage peaks will occur at different times and at different positions. Hence,
voltage measurement at the sensing taps allows a comparison between adjacent and second adjacent
tap points only.
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The low-voltage impulse distribution Measurements did not involye the primary-to-secon..'.xry winding
voltage division. The winding-to-tank portion of the impulse distribution also was not involved,

1.2

1.14

1.04 & - 1.2 X 850 us

0.8

PER UNIT VOLTAGE

B - 100 X 800 ns

0—10X150ns

Fig. 2.16. Pcak impulsc-voltagc distribution for the threc waves across the shell-form distribution
transformer’s primary. The straight diagonal line Tepresents uniform voltage distribution,
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The low-voltage impulse measurements were used as input to a mathematical model of the shell-form
distribution transformer, as discussed in Appendix A.

242 Recesults of Low-Voltage Impulse Distnibution Analysis of the Core-Form Distribution
Transformer

Figure 2.17 displays the low-voltage impulse distribution for cach of the three waves, yielding the
maximum voltage appearing at the sensing taps, independent of the time of occurrence of that peak.

The core-form distribution transformer had LO-HI winding construction (Fig. 2.17) on cach of the
two core legs, with cross-over connections between the two halves of the primary. These crossovers
occurred at the 25%, 50%, and 75% winding points. A coarse interpretation of the information
displayed in Fig. 2.17 can be made as was done for Fig. 2.16, cxcept at the 25%, 50%%, and 75%
points. The maximum turn-to-turn stresses and the maximum layer-to-layer stresses are very similar
to those stresses determined for the shell-form transformer.

Because there was no major difference between the shell-form and the core-form stress levels, and
because the primary interest of the project is the insulation-system behavior, no high-voltage testing
to failure was performed on the core-form distribution transformer.

2.4.3 Results of Low-Voltage Impulse Distribution Analysis of the Core-Form Power Transformer

Figures 2.18 and 2.19 display the low-voltage impulse distribution for each of the three waves, yiclding
the maximum voltage appearing at the sensing taps, independent of the time of occurrence of the
peak voltage. These voltages appear across a pair of disks, cach disk consisting of approximately 24
turns. [t was virtually impossible to insert taps or probes either into a disk or at the inner peripheral
disk transition points without severely disrupting the diclectric system. The center-start design also
prevented any turn-to-turn conncctions from being made to the first disk without completely
destroying the insulation system and scvercly disrupting the physical placement of the disk. The 27
sensing ap points therefore provide a good measure of the impulse voltage as distributed among the
disk pairs only. These measurements were also used for the mathematical modeling of this
transformer. The figurcs displaying the performance of this transformer (Figs. 2.18-2.25) arc intended
to indicate trends only.

Scctions of the first pair of disks were interleaved in manufacturing to assist in making the
impulsc-voltage distribution more uniform. This technique was also used in the sccond and third pairs
of disks. The first 10 disks were more heavily insulated than were the remainder of the disks. These
arc common practices in the design and construction of such transformers.

Figures 2.18 and 2.19 show the general distribution of the impulsc voltages independent of time.
Figures 2.20, 2.22, and 2.24 display thc voltages mcasured on the first fourtcen scnsing taps as a
function of time.

Figure 2.21(a) shows the rcsponse at the fitst sensing tap. A fast Fourier transform (FFT) of the

signal dctected at the first tap is shown in Fig. 2.21(b). Tabulated values of the frequencics and
associated amplitudes are also listed in Fig. 2.21. A major resonance is indicated at 2.5 MHz.

23




1.2+

1.1+

104 O -12X 80 ps

A -100 X 800 ns

0.0 -
O -10 X 180 ns

w 0.8
O
= o7
T
O
>
t o-"‘
3
o 0.5
w
a

0.4+

¥ L ¥ L L '
o 10 20 8 40 80 €60 70 @0 60 100
% WINDING

Fig. 2.17. Pcak impulse-voltage distribution for the three waves across the core-form distribution
transformer primary. The straight diagonal line represents uniform voltage distribution.
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Fig. 2.19. Low-voltage impulse distribution for the primary winding of the core-form power
transformer for the 100- by 500-ns wave. The straight line represents uniform voltage distribution.

Fig. 2.20. Superimposed 1.2- by 50-us response traces of the first 14 sensing taps for the primary
winding of the core-form power transformer.
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Fig. 2.21. (a) First scnsing-tap response, 1.2- by 50-us wave. (b) Fast Fourier transform of this
response and tabulated frequency and amplitude values.
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Fig. 2.22. Supcrimposed 100- by 500-ns traces of the first 15 sensing taps for the core-form power
transformer’s primary winding.
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Fig. 2.23. (a) First sensing-tap response, 100- by 500-ns wave. (b) Fast Fourier transform of this
response and tabulated frequency and amplitude values.
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Fig. 2.24. Supcrimposed traces from the first fifteen sensing taps for the 10- by 150-ns wave.
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Fig. 2.25. (a) First scnsing-tap response for the 10- by 50-ns wave. (b) Fast Fourier transform of
this rcsponsc and tabulated frequency and ampiitude values.
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Resonances are observed in Fig. 2.20. For the 1.2- by 50-us wave, a maximum voitage difference
occurs at approximately 2.7 us between sensing taps 7 and 8. This voltage, however, is measured
across four disks rather than two disks as is the case for sensing taps 1 through 6. Adjacent sensing
taps 7 through 14 each span four disks. Sensing taps 14 and 15 are on either side of the tap changer,
sct on position A.

The largest voltage differences measured at any given time appear between sensing points S and 6
at approximately 1.4 us and between 3 and 4 at approximately 0.4 pus.

Figure 2.22 displays the superimposed trace from the first fifteen sensing taps for the 100- by 500-ns
wavc. Figure 2.23(a) shows a 2.7-MHz oscillation in the first sensing-tap signal. An FFT of the signal
detected at the first tap is shown in Fig. 2.23(b), as are tabulated values of the resulting frequencies
and their amplitudes. Resonances occur at 2.5 MHz and 4.3 MHz. The latter resonance had not
previously been observed, and contributes to a greater than 1/unit magnitude measured at sensing tap
points 2 and 3. The maximum voltage difference observed is between sensing taps 4 and S in the time
span of 7C 159 ns.

Figure 2.24 displays the superimposed traces from the first fifteen sensing taps for the 10- by 150-ns
wave. A damped 5.4-MHz oscillation can be observed. By far the greatest voltage difference appears
between sensing taps 1 and 2, the first four disks of the primary. Higher-frequency resonances that
have been excited can be observed in the FFT, Figs. 2.25(a) and (b), and can be identified in the
tabulated frequencies and amplitudes. Resonances are found at 2.5 MHz, 3.7 MHz, and 4.3 MHz.

Those regions with the greatest voltage difference are expected to be the location of insulation system
brcakdown when they are subjected to high-voltage impulses.

244 Results of thec Low-Voltage Impulsc Distribution Analysis of a 138-kV Condenser-type
Powcr-Apparatus Bushing Corc

This core used 31 foils separated by (typically) 11 layers of kraft sheet. A potential-tap lead was
attached to foil 30 and brought out through a hole in foil 31 to the normally shorted-to-ground
potential-tap connector. The diclectric system therefore consisted of 31 concentric foils separated by
a number of layers of insulating paper, with a length of flexible small-diameter wire connected from
foil 30 to ground, and with foil 31 grounded through a short length of flexible lead.

Figure 2.26 displays the impulse voltage distribution for each of the three waves. It will be noted that
all of the curves do not start at 100%. The output of the low-voltage source used for these
mcasurcments was maintained at a constant value corresponding to 100% for the 1.2- by 50-us wave.
The nccessarily long lead between the source and the specimen resonated with the specimen
capacitance to produce the observed increase in voltage at the specimen terminal.

The impulse voltage distribution is governed almost entirely by the distributed capacitances of the
bushing, the distributed inductance having little effect. Because only the relative response of the
bushing to cach waveform is important, and wave-to-wave comparisons are not performed, no impact
is made on the analysis. For the 1.2- by 50-us surge test, minor deviations from a uniform voltage
distribution occur among foils 4 to 12. The greatest voltage difference, 5%, occurs between foils 12
and 13. This voltage difference is of little significance.
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Fig. 2.26. Impulsc-voltage distribution for the three waves on a 115-kV, 800-A, 550-kV-BIL
powcr-apparatus bushing core.

The impulse-voltage distribution for the 100- by 500-ns wave also shows essentially uniform voltage
distribution except for the drop across the connecting lead between foils 30 and 31. Minor deviations
from uniform distribution occur among foils 3 to 11. The maximum foil-to-foil voltage difference is
approximately 5.5%, occurring between foils 3 and 4.

The impulse-voltage distribution for the 10- by 150-ns wave also shows minor deviations from a
uniform distribution for foils 5 to 14. There is, however, a pronounced increase in the voltage drop
across the lcad from foil 30 to ground. The maximum foil-to-foil voltage difference is 5.5% between
foils 8 and 9.

Collectively, minor deviations from uniform voltage distribution appear on foils 3 to 15 for all three
waves. Foils 1, 2, and 16 to 30 have essentially uniform voltage distribution independent of
waveshape. The voltage drop across the flexible lead from foil 30 to ground varies directly with the
frequency and amplitude of the applied wave.

These low-voltage impulsc distribution analyses were later used to evaluate specimens subjected to
high-voltage impulscs.
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3. IMPULSE ONI.Y: MODELS, EXPERIMENTS, AND RESULTS

3.1 WAVESHAPES

Upon completion of the low-voltage impulse testing of distribution transformers, power transformers,
and power apparatus bushings, a series of high-voltage impulse tests were conducted at
McGraw-Edison Technical Center and at Maxwell Laboratories in San Diego. These tests again used
the nominal waveshapes discussed carlier, but the tests were performed with sufficient voltage and
energy levels to produce insulatioa damage. Primary emphasis was on conducted rather than radiated
waves.

We wanted to use the same threc waveshapes on these full-size specimens as we used for the
low-voltage impulse distribution experiments. Little difficulty was encountered in establishing 1.2- by
50-us waves in the laboratories. However, the capacitance of the specimens was large enough to
affect the shape of the 100- by 500-ns wave and seriously affect the shape of the 10- by 150-ns wave.
The effects arc most noticeable on the wavefronts, where the desired 100-ns front ranged from 100
to 200 ns and the desired 10-ns front ranged from 25 to 100 ns, depending or the specimen and the
test site. The range of the 500-ns tail was 500 to 600 ns. The range of the 150-ns tail was 200 to
60U ns, pasucclarlv where circuits producing 1000 kV were used.

The major impact of these faster waves on the insulation systems is more closely related to the
steepness of the wavefronts. However, the duration of the wave tail can have a lesser impact.

High-voltage cxperiments were performed at two magnitude ranges. The lower o ‘hese ranges,
120-400 kV, was uscd to provide critical impulse flashover (CIFO) data for correlation between
SFSD-impulse and lightning-impulse behavior.

The higher range, 800-1100 kV, was dictated by NEMP considerations abstracted from literature
in the public domain.

3.2 FACILITIES

The majority of the 1.2- by 50-us lightning-impulse work and some of the 100- by 500-ns and 10- by
150-ns work was conducted in the high-voltage laboratory at the Thomas A. Edison Technical Center.
An overview of this facility is shown in Fig. 3.1. Capabilities include a conventional 2100-kV, 34-kJ
Marx gencrator; wave-shaping componcnts; instrumentation; and adequate space to permit evaluation
of the largest spccimens. The normal insirumentation was supplemented by the high-speed
data-acquisition system that was discussed in Section 2.1.3.

The majority of the 10- by 150-ns impulsc work was performed at Maxwell Laboratories in San Diego,
California, using a HEMP simulator modified to accept specimens of the size required by this project.
A layout of this laboratory is shown in Fig. 3.2. The fundamental design is that of a completely
shiclded sourcc—an oil-insulated Marx generator—inside a shiclded generator chamber that directly
abuts a totally shiclded test cell. A small 400-kV, 10-kJ, 1.2- by 50-us Marx generator (Hipotronics)
was also available at this facility. Availablc instrumentation consisted primarily of a number of
oscilloscopes with liquid-resistor voltage dividers or liquid-resistor shunts. These oscilloscopes were
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Fig. 3.1. Overview of the McGraw-Edison Technical Center as arranged for the impulse testing.
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houscd in a scparate shiclded room. This cquipment was supplemented by the high-speed
instrumentation cquipment that was previously discussed and by several photographic cameras. The
test circuit is shown in Fig. 3.3. In situ calibrations were performed using 25-cm spheres and standard
sphere-gap calibration curves.” For calibration of the faster impulses, information from ref. 3 was
uscd.

3.3 DISTRIBUTION TRANSFORMERS

Five pole-mount, oil-insulated, 75-kVA, 14.4/24.9-kV-120/240-V, shell-form distribution transformers
having 125-kV basic insulation levels (BILs) were sclected as representative samples of the
oil/paper/ecnamel insulation system. (See Fig. 3.4.) The windings were of the LO-HI-LO type, using
design voltage stresses at the high end of the range of present practice. The number of samples was
limited by available funding; until the sample failed, however, a large number of tests were performed
on cach sample.

These transformers were subjected to a scries of 125-130-kV 1.2- by 50-us impulses to verify the

ability of thc unit to withstand 100% of rated BIL and to dctermine the ncutral current
characteristics.* The ncutral current characteristics helped detect failure during the evaluation.
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All five of the transformers of this group successfully passed the 125-kV full-wave BIL tests.
Subsequently, in combination with an 18-kV distribution-class lighting arrester, each of these
transformers was to be subjected to 1100-kV impulses of each of the three waveshapes, first with the
lightning arrester tank-mounted and direct-connected. If the transformer was not damaged or did not
fail after having been exposed to a total of 20 shots, an external gap was inserted between the
arrester and the transformer’s high-side terminal, and the transformer was then subjected to a
maximum of another 20 shots. Unless otherwise noted, these shots were taken in 4 groups of 5 shots,
alternating impulse polarity for each successive group of S shots. If there again was no failure of the
transformer, the arrester was removed from the tank, mounted on a cross-arm, and connected to the
transformer tank ground and high-side terminal with a lead of about 3 m. See Fig. 3.5 for distribution
transformers with various mounting arrangements for lighting arresters.

The summary data for the 1.2- by 50-us BIL tests can be found in Appendix B.1.
3.3.1 Results of 1.2- by 50-us Impulse Tests on Distribution Transformers

All specimens passed the 123-¥V full-wave BIL without arresters. Specimen 2 subsequently failed
at 126 kV while a scries of neutral current tests were being made.* The failure started near the
corner of the winding, went from the outer edge of the outer layer of the primary (there being a
preexisting tear in the margin of the primary-layer insulation), and then crossed the primary-secondary
barrier to the adjacent edge of the innermost turn of the outer secondary winding. The preexisting
tear, which apparently occurred during manufacture, reduced the FO path from primary to secondary
by approximately 1 cm, or approximately 25% of the design path. Consequently. insulation strength
was reduced and a failure occurred at this point. No other failures, either turn-to-turn or
layer-to-layer, were found.

3.3.2 Results of 100- by 500-ns Impulsc Tests on Distribution Transformers

For this simple distribution transformer subjected to multiple shots of 100- by 500-ns impulses, no
failures were observed during 20 shots with the lightning arrester tank-mounted and direct-connected.
Subsequently, no failures were observed during 29 shots with an external gap between the
tank-mounted arrester and the transformer terminal.

In a final test scries performed with no arrester, this transformer failed on the fourth negative-polarity
shot at a crest voliage of 229 kV. One failure was a puncture through the layer margin between the
first-to-sccond-layer transition and the adjacent edge of the third layer near a winding corner. This
failure was a combination of puncture of the layer insulation and a multiplicity of tracks across the
layer margin. A sccond failure occurred between the last and next-to-last winding layers at
approximately the midpoint of the second-from-last layer. (See Fig. 3.6.) Both of these locations are
high electrical stress regions as determined by the low-voltage impulse distribution analysis. There is
no immediate explanation for multiple failure locations in this sample.

3.3.3 Results of 10- by 150-ns Impulsc Tests on Distribution Transformers

For this simple distribution transformer, only negative 10- by 150-ns impulses were used. No failures
were obscrved during the 20 shots with the lightning arrester tank-mounted and direct-connected.
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Fig. 3.6. Failure of 75-kVA distribution transformer at the approximate midpoint between the
sccond-to-last and last layers, caused by 100- by S00-ns impulse.

With the arrester tank-mounted and externally gapped, a failure was encountered on the tenth shot.
The failure occurred at a crest voltage of 205 kV, the fifth shot of the second 5-shot sequence. This
failure involved both turn-to-turn and layer-to-layer failures. The turn-to-turn failure involved the first
three turns of the primary at a location one-half turn from the high-side input lead near a corner of
the winding. Layer-to-layer puncture also occurred here. On closer examination, an additional failure
was found at the transition from layers 1 and 2 to the adjacent edge of layer 3. The barrier insulation
was not punctured in this failure. Figure 3.7 shows the location of the punctured layer insulation.
These failures occurred in the high-stress region as predicted by the low-voltage impulse distribution
analysis. Again, no immediate explanation for the multiple failures is readily available.

3.4 LIGHTNING ARRESTERS

Lightning arresters perform a major role in the protection of transmission and distribution systems.
Little has been published about the response of lightning arresters to the SFSD impulses involved
in this program.
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Fig. 3.7. Punctured layer insulation in 75.0-kVA transformer.

Approximately 98% of all the lightning arresters installed are of the bonded silicon carbide (SiC) type
with graded internal gaps that are either lumped or distributed. External gaps are sometimes used in
addition. Metal-oxide varistor (MOV) arresters, which are approximately 2% of all installed arresters,
may use external gaps, internal shunting gaps, or no gaps. The no-gap version is by far the most
popular. These MOV arresters have supplanted the SiC units as the standard.

Accordingly, specimens representative of those installed on transmission and distribution lines were
exposed to impulses of the three waveshapes at each of two levels. The lower of the two levels yields
the critical impulse sparkover (CISO). The higher level yields the FOWFO. Additional full-wave
impulse measurements were made following the steep-front impulses to determine if any degradation
had occurred. Little cffort was expended on the distribution-class MOV arrester.

The same proviso rclative to the achieved waveshapes for the three waves, as stated previously (see
Section 3.1), also applics here, i.e., the capacitance of the test specimen alters the waveshape.

Although the level of protection of the arresters is found to be higher for SFSD impulses, the
insulation strength of the transformer also rises with SFSD impulses. The degree of protection is
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determined by the response characteristics of the insulation and the arrester. Direct-connected
arresters provided protection for all tests and for all waveshapes tested, but failures occurred with
both gapped and remotely placed arresters.

3.4.1 Station-Class Arresters

Figure 3.8 shows 96 kV on SiC arresters with distributed, graded, internal gaps and no external gap.
Test results are given in Table 1. The results of tests on 96-kV MOV arresters having no gaps are
shown in Table 2.

3.4.2 Distribution-Class Lightning Arresters

Typical distribution-class arresters are shown in Figs. 3.9 and 3.10. Impulse test results for 30-kV
internally gapped SiC arresters and 30-kV MOV arresters without gaps are shown in Tables 3 and
4. The FOW values vs time to crest are plotted in Fig. 3.11.

3.5 LINE INSULATION

Porcelain components have been used for structural line insulation for many years, with service life
frequently exceeding 60 years. Once instailed, the porcelain components normally remain in service
until some external influence causes electrical and/or mechanical failure. Wet-process porcelain
provides the backbone structural insulation and has done so for the last 30 to 40 years. Prior to that
time, dry-process porcelain was used. Dry-process porcelain proved to be susceptible to electrical
puncture failures from the transients on the power system. This was confirmed by standard full-wave
and chopped-wave impulse tests commonly used for evaluation and quality control.

Porcelain components are used at all voltage levels. Higher-voltage insulation is frequently achieved
by stacking lower-voltage-rated units. Representative types of porcelain structural insulating members
are post, pin, cap-and-pin, and suspension insulators.

For this project all specimens were representative of structural insulating components presently in
use on utility systems. The specimens chosen were removed from service and were free of any visible
electrical or mechanical damage.

To the extent possible, all specimens were evaluated in physical configurations identified in applicable
ANSI/IEEE standards. Five samples of each of the following four types of porcelain/air
structural-insulation devices were used.

L AFparatus, post-type insulator, 95-kV BIL, ANSI C29.9-1983. See Fig. 3.12. Construction:
Electrical-grade wet-process porcelain column with metal attachment fittings on both ends. The
porcelainffitting interface is filled with a low-melting-point metal alloy.

® Pin-type insulator, Radio Freed, class 55-6, 150 radio-influence voltage BIL, ANSI C29.1-1982.
See Fig. 3.13. Construction: Electrical-grade wet-process porcelain  with integral

porcelain-threaded socket. Mounted on a "lead-head" pin.
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Table 1. Results of tests on 96-kV SiC station-class arresters

A
RATIOS ]
FOW || 1.2 x 50 ps
INITIAL
SPARK- ||  CISO CISO(SFSD) FOW (SFSD)
CTISO(1.2 %50 FOW(1.2 X 50)

WAVEFORM || CISO*
«v) | OVEK | AFTER | Ti56(1.2x50)
(kV) || SFSD® (kV)

| L |
1.2 X 50 ps 190 219 N/A N/A
100 x 500 ns | 294 333 184 16
10 x 150 ns | 314 918 191 1.6

“Initial: Tests of CISO prior to SFSD impulse tests.
*After: Tests of CISO using 1.2- by 50-us impuise after SFSD impulse to test for degradation.

NOTE: The data summary can be found in Appendix B, Section B.3.1.

Table 2. Results of tests on 96-kV MOV station-class arresters

RATIOS J‘
FOW 1.2 X 50 ps ]
WAVEFORM C‘gg‘g{’;, SPARKOVER | c1SO AFTER | _CISO(SFSD) || FOW(SFSD)
) (kV) SFSD® (kv) || C1SO(1.2x50) | FOW(1.2x50)
I | |
-
1.2 X 50 ps 170 208 N/A N/A N/A
100 x 500 ns 202 172 12
10 x 150 ns 248 685 162 1.5 33

“Initial: Tests of CISO prior to SFSD impuilse tests.
*After: Tests of CISO using 1.2- by 50-us impulse after SFSD impuise to test for degradation.

NOTE: The data summary can be found in Appendix B, Section B.3.2.
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+«— TINPLATED
) LINE-LEAD TERMINAL

VALVE BLOCKS

"~ WET-PROCESS
PORCELAIN HOUSING

GAP ELECTRODE

GRADING RESISTOR

MOUNTING BRACKET

SPUN-COPPER CAP-AND-
GASKET SEAL

SEALED ISOLATOR

Fig. 3.9. Cutaway of a silicon-carbide distribution-class arrester having distributed groups of
nonlinear resistor-graded internal gaps.
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MOUNTING BRACKET (not shown)

TERMINAL CAP

MOV DISK

DESICCANT

SPUN COPPER CAP AND
BUNA-N-GASKET SEAL

ISOLATOR

Fig. 3.10. Cutaway of a metal-oxide varistor distribution-class lightning arrester representative of

those currently being installed. This arrester has no internal gaps.
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Tablc 3. Results of tests on 30-xV SiC distribution-class arresters

RATIOS B
FOW 1.2 X 50 us I
WAVEFORM | o514 | SPARKOVER [ CISO AFTER CCISS(;)(SFSD) ;gvt,v (s;‘s?gl
(kV) (kV) SFSD® (kv) || C90(1:2x50) (1250}
12 x 50 ps 75 | 81 N/A N/A N/A
100 x 500 ns 85 187 76 1.1 -
10 x 150 ns 148 483 76 2.0 6.0
*Initial: Tests of CISQ prior to SFSD impulse tests
*After: Tests of CISO using 1.2- by 50-us impulse after SFSD impulse to test for degradation.
NOTT: The data summary can be found in Appendix B, Section B.2.1.
Table 4. Results for 30-kV MOV arrester with no gaps
i ' [ RATIO
FOW(10x150)
WAV . CIS .
AVEFORM EQUIV. CISO EQUIV. FOW CISO(1.2x50)
1.2 X 50 ps 80 kV ---
10 X 150 ns 436 kV 55

NOTE: The data sumrary can be found in Appendix B, Scction B.2.2.
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Fig. 3.11. Front-of-wave sparkover for 30-kV silicon-carbide and MOV distribution-class arresters,

-7 -8
LOG TIME TO CREST SE

FRONT OF WAVE SPARKOVER
30 KV DISTRIBUTION & 96 KV STATION ARRESTERS

10
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and 96-kV silicon-carbide and metal-oxide varistor station-class arresters vs time-to-crest.
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1/32in FOR EACH
30 in OF HEIGHT OR
PORTION THEREOF

1/8in MAX FOR EACH 30 in OF HEIGHT
OR PORTION THEREOF

|
I

TOP BOLT CIRCLE

/

BOTTOM BOLT CIRCLE

-

2° MAX
ROTATION MAY BE CLOCKWISE
OR COUNTERCLOCKWISE

NOTES:
(1) Al dimensions are measured at bolt circle.
(2) Tolerance applies to individual units.

Fig. 3.12 Outlinc of post-type apparatus insulators, per ANSI C29.9-1983, used for this project.
(a) Sidc vicw and (b) top view.
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3

p—— 4; MAX DIA —————ey

...___.3% t % DIA ey
BOTTOM OF 1 R (NOTE 1)
TOP GROOVE

%MAxl

1
Y MIN

CENTER OF g R 1 51
2= MIN 2
SIDE GROOVE 4 .
l 3ZMIN
1
455 MAX
s — MIN DIA —
85 DIA
NOTES:
(1) “F’ neck.

(2) Al dimensions are 1n inches.

(3) If high-resistance coatings are applied to the insulator, such coatings shall be considered as effective
leakage surfaces, and the distance over them shall be included in the leakage distance.

(4) The side-wire groove shall seat a mandrel with a diameter of 1-1/8 inches but shall not seat a mandrel
with a diameter of 1-7/16 inches. The top-wire groove shall seat a mandrel with a diameter of 1-3/4 inches.

See American National
Standard C29.1-1982,
Rating Section :

Dimensions

Leakage distance, inches 15 25.2

Dry-arcing distance, inches 8 253

Minimum pin height, inches 7-1/2 -
Mechanical Values

Cantilever strength, pounds (kilonewtons) 3000 (13) $.13
Electrical Values

Low-frequency dry flashover, kilovolts 100 4.2

Low-frequency wet flashover, kilovolts 50 43

Critical impulse flashover, positive, kilovolts 150 4.7

Critical impulse flashover, negative, kilovolts 170 4.7

Low-frequency puncture voltage, kilovolts 135 4.11
Radio-Influence Voltage Data

Low-frequency test voltage, rms to ground, kilovolts 22 4.9

Maximum RIV at 1000 kHz

Radio freed, microvolts 100 49
Plain, microvolts 8000 49

Fig. 3.13. (a) Outlinc and (b) specifications for ANSI class 55-6 pin-type insulators used.
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® Apparatus, cap-and-pin type, 125-kV BIL, ANSI C29.8-1980. See Fig. 3.14. Construction:
Electrical-grade wet-process porcelain shell with metal cap and metal mounting pin. Both

metal/porcelain interfaces are composed primarily of Portland cement.

® Suspension-insulation class 52-3, ball-and-socket type, and class 52-4, clevis-and-pin type. 125-kV
BIL, ANSI C29.2-1983. See Fig. 3.15. Construction: Electrical-grade wet-process porcelain shell

with socket cap-and-ball or clevis-and-pin suspension hardware. Both metal/porcelain interfaces
are primarily Portland cement.

3.5.1 Tests

The post and cap-and-pin insulators were mounted on a 10-in. by 16-in. aluminum channel that was
mounted in turn on a wooden crossarm. The simulated conductor was fastened appropriately to the
insulator top (see Fig. 3.16). The pin ir<ulators were moun.** directly on the crossarm. The
suspension insulators were hung inverted, with appropriate hardware and the simulated conductor,
using the floor of the shielded enclosure as the reference plane.

Lightning impulses having a nominal waveshape of 1.2 by 50 us were applied at discrete voltage levels
to establish and/or confirm the BIL value. See Fig. 3.17 for a typical lightning-impulse wave. See Fig.
3.18 for specimen traces. Steep-front short-duration impulses were then applied to determine the
withstand/FO value. Lightning impulses were again applied to determine the change, if any, in that
characteristic. Five specimens of each type were used.

Open-shutter Polaroid photographs of the specimens were taken on all 1100-kV SFSD impulses and
on most but not all low-level SFSD "BIL" impulses. Simultaneous voltage and current oscillographic
traces were taken to confirm FO and/or puncture.

The FOs for the lightning and low-SFSD impulse waves occurred either at crest voltage or shortly
thereafter. .'ll FOs for the 1100-kV SFSD impulse occurred on the wavefront for the post, pin,
single-disk suspension, and cap-and-pin insulutor specimens.

All insulator specimens used a 10-ft length of 3/4-in. thin-wall conduit terminating in 12-in.-diam
spheres to simulate the presence of an installed conductor.

All instrumentation leads from ithe EMP impulse generators and specimen voltage and current sensors
were routed i0 a common bulkhead in the wall of the shielded instrumentation room. (See Fig. 3.2.)
The instrumentation itself was the LeCroy package consisting of 6880 and TRB828C Digitizers, 6103
Amplifier, MM8104 Memory, and 5010 Controller, connected to a Compaq™ Portable Computer with
a plotter/printer. This equipment was described in Section 2.2.1. It was supplemented by the multi-
oscilloscope installation.

Steep-front short-duration voltage sensing was accomplished by using copper-sulfate dividers. Current
sensing was achicved by using 2-ns- and 5-ns-risetime miniature current transformers.

£+ schematic of the testing circuit excluding connections for the Hipotronics 1.2 by 50 ps Impulse
Gencerator was displayed in Fig. 3.3.
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4 TAPPED MOLES
%-us UNIFIED FORM
SPECIAL, PD 0.4715-
0.4650, LENGTH OF
ENGAGEMENT 0.50
(TAP AFTER HDG)
ON 3" BOLT CIRCLE

4-.%DIA HOLES ON
3'soLT CIRCLE

TECHNICAL REFERENCE NO. 4

See American National
Standard C29.1-1976

Rating Section :

Dimensions

Leakage distance, in. 12 252
Mechanical Values

Cantilever strength—upright, 1b 2000 5.14.1

Cantilever strength-underhung, 1b 1000 5.14.1

Tensile strength, 1b 5000 5.1.43

Torsional strength, in.-Ib 7000 5.1.4.2

Compression strength, Ib 10 000 5144

Tension proof, Ib 1250 7.2.2
Electrical Values

Critical-impulse flashover, positive, kV 125 4.7

Low-frequency wet withstand, kV 45 4.5

Impulse withstand, kV 110 4.8

Low-frequency puncture, kV 115 4.11
Radio-Influence-Voltage Data

Low-frequency test voltage, kV 10 4.9

Maximum riv at 1000 kHz, gV $0 4.9

NOTE: If high-resistance coatings are applied to the insulator, such coatings shall be considered as effective
leakage surfaces, and the distance over them shall be included in the leakage distance.

Fig. 3.14. (a) Outlinc and (b) specifications for ANSI C29.8-1980 cap-and-pin type apparatus
insulators used on this project.
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no% MAX DIA
B (NOTE 1)

NOTES:

(1) For specific diameter and tolerance, see manufacturer’s drawings.

(2) All dimensions are in inches; for metric equivalents, see Table 1.

(3) The connecting length of a string of six insulators selected at random shall be equal to 6 times the nom-
inal spacing of the insulators + 3/4 in (x 19.1 mm). '

(4) Dimensions and tolerances shall be determined, after galvanizing (where applicable), by the ball and
socket gages in Fig. 12 and 13.

(5) Connecting hardware parts defined by gages in Fig. 12 and 13 are designated as Type B.

See
ANSI C29.1-1982,
Rating Section:

Dimensions

Leakage distance, inches (mm) 11-1/2 (292) 2.5.2
Mechanical Values

Combined mechanical and electrical strength, pounds (kN) 15 000 (67) 5.2

Mechanical impact strength, inch-pounds (N-m) 55 (6.0) 5.1.2.2

Tension proof, pounds (kN) 7500 (33.5) 7.2.1

Time load, pounds (kN) 10 000 (44) 5.3
Electrical Values

Low-frequency dry flashover, kilovolts 80 4.2

Low-frequency wet flashover, kilovolts 50 4.3

Critical impulse flashover, posit've, kilovolts 125 4.7

Critical impulse flashover, negative, kilovolts 130 47

Low-frequency puncture, kilovolts 110 4.11
Radio-Influence Voltage Data

Low-frequency test voltage, rms to ground, kilovolts 10 49

Maximum RIV at 1000 kHz, microvolts 50 49

Fig. 3.15. (a) Outline and (b) specification for ANSI class 52-3 suspension insulators used on this
project. Class 52-4 supcrvision insulators using pin-and-clevis suspension hardware but otherwise
identical to the 52-3 units werc also used.
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Fig. 3.16. Cap-and-pin insulator with simulated conductor mounted on aluminuia channel for
impulsc testing.
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A

Scale factors: 48.5 kV and 20 gs per major division.

Fig. 3.17. Typical full-wave lightning impulse as applied to a pin-type insulator.

57




VOLTAGE

---------------------------------------------------------------
----------------------------------------------------------

-----------------------------------------------------------------

Scale factor for current (upper trace): 814 A per major division.
Scale factor for voltage (lower trace): 32.2 kV per major division.
Time base for both traces is 500 ns per major division.

Fig. 3.18. Full-wave lightning impulse voltage and current traces for a single suspension disk,
showing flashover occurring approximately 1 us after voltage crest.
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Significant differences from other applications for this facility are:
® ‘The addition of RT, a 100-Q resistor, to decrease the time to half-crest on the wave tail.

® The addition of RC, a 200-Q resistor that, in conjunction with a reduced value of R; = 60 11,
limits the available current at 1100 kV to <4230 A.

e The addition of RS, a 107-02 resistor that, when required for voltage at the specimen, gives ~ 140
kV to ~400 kV. Electromagnetic-pulse generator output was reliably controllable between 400
kV and 1.1 MV.

Calibration of the Hipotronics Marx lightning-impulse generator was achieved by using 25-cm sphere
gaps, the data being corrected for atmospheric conditions as described in ref. 2.

The output level of the EMP generator was verified by the concurrence of the voltage signals from
the gencrator output divider, the specimen divider, and a B-dot field sensor not shown on the
schematic, in conjunction with the signal from the calibrated miniature current transformer. Overall
calibration of the generator was achieved using sphere-gap volt-time data as described in ref. 3.

The insulator results are listed in Tables 5 and 6. The FO values for these insulators are plotted vs
time-to-crest voltage in Fig. 3.19.

3.5.2 Test Results

Subsequently, three of the same specimens used in developing the data in Table S were subjected to
a 1100-kV SFSD wave for five or six shots of the same polarity. One pin insulator and four
suspension disks were punctured. The number of shots, FO voltage, time to crest, and comments are
shown in Table 6.

Subsequently, a string of eight suspension disks was hung inverted above the reference plane using
suitable hardware and the simulated conductor. Five attempts were made to cause FO of this
insulator string using the 1100-kV SFSD impulse. No FOs were observed. Six of the above eight
suspension disks were similarly individually subjected to the 1100-kV SFSD impulse. Again, no FOs
were observed. Finally, four of the six tested suspension disks were similarly subjected to the 1100-kV
SFSD impulse. Flashover was observed for all four disks on each of the first five shots. One disk was
punctured on the sixth shot, with the other three disks flashing over. The measured wave was
1110 kV, 40 by 600 ns. See Figs. 3.20, 3.21, and 3.22. For reference, a value of 10 kV/disk is used in
uncontaminated applications. See Appendix B, Section B.4.5, for the Data Summary.

Heavy corona was observed for all 1100-kV SFSD-impulse applications. Figure 3.23(a) shows a cap-
and-pin insulator, and Figure 3.23(b) shows the string of four suspension disks. Both photographs
display the corona encountered in a single discharge.

Pin insulator. The porcelain was punctured along a line cssentially parallel to the insulator axis from
the center top to the "lead head" mounting pin. Spalling of the porcelain body occurred at both the
entrance and exit points of the puncture, with radial cracks up to 2 in. long emanating from the
puncture location. Failure occurred on the fifth shot of the test sequence, which used an applied
waveform of 15 by 500 ns at a 1110-kV crest (see Data Summary B.4.2 in Appendix B).
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Table S. Summary of test results for pin, cap-and-pin, and suspension insulators

SPECIMEN SPECIMEN TYPE i
PARAMETERS PIN POST || CAP AND PIN || SUSPENSION
No. of specimens S S 5 [ 5
Average lightning- 155* 166 203 141
impulse FO (kV)
Lightning-impulse wmemeeneenaea(0.94 s X 57 ps
waveshape
Average low- 325 262 360 286
SFSD impulse FO
(kV)
SFSD voltage 35 x 325 ns® 33 x 500 ns 37 x 430 ns 38 x 750 ns
waveshape
Average lightning- 150 166 195 139

impulse FO after
low-SFSD impulse
(kV)

Ratio of average 2.10 1.58 1.77 2.03
low-SFSD impulse
FO to average
lightning-impulse

FO
No. of specimens, 3 3 3 3
100 x 500 ns
Impulse FO (kV) 323 318 368 319°
(FOW)

“The lightning-impulse FOs averaged 186 kV when the pin insulators were mounted on the 10-in. by 16-in. chanael, which
was grounded. All averages are simple numerical averages.

*The applied SFSD-impulse waveshape without a specimen in place was 42 by 600 ns. Each type of specimen modified the
wave,
‘One specimen punctured on the fifth shot.

NOTE: Data Summary is in Appendix B, Sections B.4.1 through B.4.4.
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Table 6. Results of 1100-kV SFSD impulse test on porcelain/air insulation

SPECIMEN
PARAMETERS

SPECIMEN TYPE

PIN

POST

CAP AND PII\LH SUSPENSION

No. of specimens

3

3

3

Average lightning-

150

166

195

139

impulse FO before
1100-kV SFSD
impulse (kV)

Average 1100-kV 827 740 819 747"
SFSD impulse (kV)

Average lightning- 149 157 199 ---
impulse FO after
1100-kV SFSD
impulse (kV)

Applied SFSD 40 ns x 600 ns

impulse waveshape

*One pin insulator punctured at 620 kV on the wavefront. All averages are numerical averages.
bAll three suspension disks punctured: one on the wavefront at 420 kV, the uier two on the wave
tail.

NOTE: Data Summary is in Appendix B, Sections B.4.1 through B.4.4.
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FRONT OF WAVE FLASHOVER
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OSUSPENSBION v CAP&PIN

+PIN oPOST

Fig. 3.19. Time to crest for front-of-wave breakdown on pin (+), post ( 0 ), cap-and-pin (v), and
suspension disk (¢) insulators.
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...............................................................
.................................................................

--------------------------------------------------------------------------------------------------------------------------------

Scale factor for vertical axis: 256 kV per major division.
Scale factor for horizontal axis: 50 ns per major division.
Crest voltage: 1152 kV.

Fig. 3.20. Typical 110-kV steep-front short-duration impulse as applied to a string of four
suspension insulators.




---------------------------------------------------------------------------------------------------------------------------------

.................................................................

.................................................................

Scale factor for vertical axis: 256 kV per major division.
Scale factor for horizontal axis: 10 ns per major division.

Fig. 3.21. Time-cxpanded portion of the front of the wave shown in Fig. 3.20. The cursors are
placed at the 30% and 90% amplitude points, yielding a rise time of 42 ns from zero to crest. The
first peak at 10 ns is caused by the coupling of the EMP-generator radiated wave to the specimen
and to the voltage measuring divider.
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Scale factor for vertical axis: 256 kV per major division for the upper trace and
1875 A per major division for the lower trace.
Scale factor for horizontal axis: 200 ns per major division.

Fig. 322 Typical voltage and current traces showing flashover of a string of four suspension disks
at 600 ns after voltage crest. Peak voltage is 1110 kV. Peak current is 1500 A.
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Fig. 3.23. (a) Corona and flashover for a single SFSD impulse on a cap-and-pin insulator, and (b)
corona and flashover for a single SFSD impulse on a string of four insulators.
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Suspension insulator. One suspension disk in a string of four was punctured on the sixth shot of the
test sequence using the 1110-kV-crest HEMP wave. The puncture occurred between the head of the
suspension ball pin and the suspension cap (see Data Summary B.4.5, Part 1, in Appendix B).

Three suspension disks tested individually under the same conditions also were punctured in

cssentially the same location as was the one disk in the string of four (see Fig. 3.24). Structural
integrity was not lost (sce Data Summary B.4.4 in Appendix B).

O (WG 90 1547

LOCATION

OF PUNCTURE ! /— SUSPENSION CAP
Y SOCKET TYPE

PORTLAND CEME - PORCELAIN SHELL

I
i
1
'
!
N !
!
!
i
i
i
i
i
1

< 4>
i T SUSPENSION BALL
Fig. 3.24. Cross-scction view of a class 52-3 suspension disk showing the location of the typical
SFSD impulsecaused puncture. The puncture is generally associated with the presence of voids in
the interfacial materials.

The punctures in the structural insulation are generally associated with voids in the interfacial
matcrials that reduce the insulation strength and provide internal paths for arcing. The size of the
void appcars to affcct the materials’ ability to withstand follow current.

In a subsequent stress evaluation of the combined suspension insulators, using a 110-kV, ~300- by
2000-ns, 4200-A impulse (with a 10.1-kV. 60-Hz, 2000-A impulse available) and a tensile load of
820 b, onc of these punctured suspension disks failed structurally and all load support was lost. A
sccond SFSD-punctured disk failed structurally with the 10.1-kV, 60-Hz, 800-1b load applied before
the 300- by 20(})-ns impulsc.
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3.6 POWER-TRANSFORMER PRIMARY WINDING

This section discusses specimen selection and preparation and results of impulse testing for the
primary winding of the core-form power transformer.

3.6.1 Specimen Sclection and Preparation

The low-voltage impulsc distribution analysis showed that for the stecp-fronted impulse, the highest
stresses appeared in the region of the windings at the high-side input. This occurrence is well known
in the industry. Characteristically, the amount of insulation applied to the conductors in this region
is grcater than that uscd in the rest of the primary winding. The increased amount of insulation
typically decrcases the distributed winding capacitances in this region, thereby aggravating the voltage
stress distribution. Hence, simply adding insulation does not solve the problem. The stress distribution
may be beneficially modified by interlacing the scctions of the first several winding pancakes.

Economics and logistics dictated that only the critical scgments of the primary winding be evaluated
on the high-voltage, steep-front impulse waves rather than an entire primary winding. Accordingly,
the primary windings of the 16.4-MVA power transformer used for the low-voltage impulse
distribution cvaluation were removed from the transformer intact. Each winding was split at the
midpoint, the high-side input connection. The first 16 winding pancakes on both sides of the midpoint
were then removed as a unit.

The first ten pancakes in cach of these sections had heavier insulation than did the remaining six. The
remaining six pancakes had the same insulation as did the rest of the primary winding.

The 16-pancake scgment of the winding mounted on its insulating core was placed in a test tank
capable of providing the necessary vacuum impregnation cycle for the rcestablishment of the
diclectric propertics of the insulation system. Subsequently, a metallic cvlindrical shell simulating the
presence of the transformer core leg was placed inside the coil. The impulse was applied to the
desired point on the winding segment through a 115-kV power-class bushing mounted in the tank top.
The connections were made at the transitions between the outer cdges of each pair of pancakes.

Figurc 2.9 provided an overall view of the primary winding. Figure 3.25 shows a 16-pancake segment
of the winding. Figure 3.26 displays the winding scgment in place with the hollow metal cylinder that
simulated the presence of the transformer core. Voltage dividers were connected from the input lead
to the tank and from the low side of the specific pancake(s) to the tank.

Three such specimens were prepared, one for cach of the three impulse waves. We were interested
in the insulation system used in this winding. Accordingly, impulses were applied to the first six disks,
using disks 7 and 8 as a pair and disks 9 and 10 as a pair. All these disks had heavier insulation (13
layers of cellulose paper) than did the remaining disks, which had 9 layers. If supplemental specimens
were required, pairs of disks with the lesser insulation were used. Connections were made at the
transitions between disks.
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Fig. 3.25. Sixtcen-disk scgment of the core-form primary winding as prepared for evaluation.
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Fig. 3.26. Sixteen-disk segment in place, including the connecting lead, two copper-sulfate voltage
dividers (VD), and hollow mectal cylinder (MC), simulating the transformer core.
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3.6.2 Recsults of Impulse Testing of Scgments of thc Primary Winding of the Core-Form
Power Transformer

Severe problems were encountered in impulse-testing segments of the primary winding of the
core-form power transformer using both of the two faster waves. Breakdowns detected during the
testing program proved upon subscquent disassembly of the specimens to be strongly related to the
connectors used for ihe conducting interface between the test lead and the transition point on the
disks. Because of this, the results obtained in this case are more a function of the oil gap than of the
cellulose insulation. The breakdown paths through the multiple layers of cellulose surrounding the
conductors could be clearly identified. However, the breakdown path through the oil, which was
influcnced by the presence of the test lead connectors and was probably significantly longer than the
disk-to-disk scparation, could not be determined with much certainty. In the case of the 1.2- by 50-us
impulse, the brecakdowns on the more heavily wisulated disks involved the outermost turn near a
radial spacer.

Figure 3.27 shows the location of such a breakdown. The deformation scen in the upper surface of
the disk was causced by the axial compressive force applied during manufacture. This force prevents
telescoping of the winding under fault conditions. This perturbation in the insulation system was not
modcled.

Failure caused by the 1.2- by 50-us impulse on the lesser-insulated disks occurred in the center of the
disks, as is shown in Fig. 3.28. In cach casc the initial failure is turn-to-turn. Subscquent additional
tailures occurred between the adjacent faces of these two disks. The combination of turn-to-turn and
disk-to-disk failure occurred at voltage magnitudes 4 to 8 times that normally involved in routine
impulsc testing of the complete transformer.

3.7 POWER-APPARATUS BUSHING

The insulation systcm uscd in condenscr-type power-apparatus bushings is similar to that used in
transformers. However, in the condenser bushing, broad arcas of conducting foil and insulating
paper/oil are involved, resulting in substantial capacitance between the central conductor and the
ground slceve.

Power-apparatus bushings rated at 115 kV, 550-kV BIL, 800 A were sclected as specimens for
high-voltage evaluation. These specimens, except for their voltage rating, are alike in that they use
the same insulating matcrials and have the same construction as do the 138-kV, 650-kV-BIL busking
corc utilized for the low-voltage impulse distribution analysis. The relative insulation stresses are the
same for the two designs, as are the construction techniques. Figure 2.13 showed a cutaway drawing
of a typical power-apparatus bushing. Figurc 3.29 shows the bushing installed in the test tank ready
for impulse tests.

Three specimens were obtained, one for cach of the three impulse waves. These specimens were
tank-mounted with capacitors in scrics between the central conductor and the tank. The capacitors
and the associated connecting Icads cffectively simulated a transformer to which this bushing would
be connccted.
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Fig. 3.28. Locations of failures caused by 1.2- by 50-us impulsc on disk pairs (a) 11 and (b) 12
Turn-to-turn and subscquent disk-to-disk failures are identified.
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Fig. 3.29. Powcr-apparatus bushing (115 kV) mounted in tank ready for application of steep-
fronted wave.

3.7.1 Power-Apparatus Bushing Test Results
The capacitance of the bushing adversely affectea the FOW rise time for the stcepest wave. For the

applied wave with a 30-ns rise time, the resulting rise time measured on the bushing was ~ 100 ns.

Rise times for the other two waves were as described earlier. The impulse current magnitudes ranged
from 4.6 to 7.6 kA.
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Critical impulse flashover, as well as FOWFO, was determined for the specimen dedicated to the 1.2-
by 50-us lightning impulse. Neither CIFO nor FOWFO could be determined for the other specimens
with the two faster waves. A limit of 1200 kV was reached without FO for the 10- by 150-ns and 100-
by 500-ns wave specimens. After the 10- by 150-ns tests weie performed, CIFO measurement at 1.2
by 50 us on specimen 2.7 indicated that no measurable degradation had occurred.

However, specimen 3.5 underwent a catastrophic failure at the 900-kV level on the 100- by 500-ns
wave test. Table 7 summarizes the impulse testing on the power-apparatus bushings.

Table 7. Impulse testing on power-apparatus bushings

SPEC. NO. WAVESHAPE| CIFO | CIFO FOW |[FOW —KV
+KV —KV +KV
e
———

1.2 X 50 ps T o7t | edlr | 1130° 1120
2.7 100 x 500 ns 900°
35 30 x 350 ns >1099° >1099°
35 1.2 X 50 us 747 694°

*Peak voltage recorded. Flashover occurred at crest or shortly thereafter.

1000 kV/us rate of rise. Average of 5 shots of each polarity.

“Camulative total shots with negative polarity = 28. Cumulative total shots with positive polarity = 12. Specimen underwent
catastrophic failure on the fifth shot at the 900-kV level.

*CIFO and FOWFO not achieved. Maximum appiied voltage limited to 1100 kV. Cumulative total shots with negative polarity
= 20. Cumulative total shots with positive polarity = 13.

‘Performed after the 30- by 350-ns testing.

NOTE: Sce Data Summary in Appendix B, Section B.6.

Photographic monitoring of each shot taken on specimens 2.7 and 3.5 revealed that there was a
significant amount of corona on the specimens for all shots of 550 kV and above, increasing
dramatically as the impulse voltage increased.

Figure 3.30 displays the corona occurring during a single 1100-kV impulse on a 115-kV bushing.
Figure 3.31 shows the specimen and associated circuit components from the same angle of view as
that of Fig. 3.32. In order to achieve ~1100 kV at the specimen, it was necessary to charge the
generator to ~2400 kV, with approximately one-half the voltage being dropped across the series
resistor. See Figs. 3.2 and 3.3 for the laboratory layout and test-circuit schematic.

In spite of the copious corona, no FO occurred for the bushing subjected to the 30- by 350-ns wave.
Subsequent disassembly of bushing no. 3.5, used on the 30- by 350-ns wave, revealed no signs of

degradation. The oil dielectric properties met the "as new" specification. There was no evidence of
discharges anywhere within the bushing.
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Fig. 3.30. Hcavy corona caused by a single stecp-fronted impulsc on the bushing/specimen shown
in Figs. 3.29 and 3.31. Figures 3.30 and 3.31 have similar angles of view.
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Fig. 3.31. Power-apparatus bushing (115 kV) in EMP simulation laboratory. (1) Corona shield at
the generator output, (2) and (3) corona rings at the ends of the coupling resistor, (4) corona ring
at bushing top, and (5) specimen voltage sensing divider.
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Fig. 3.32. Damage resulting only from stecp-front impulse to the 115-kV power-apparatus bushing.
Not visible are two longitudinal cracks in the upper portion of the weathershed.

Examination of specimen no. 2.7, used on the 100- by 500-ns wave, revealed that the upper s.gment
of the two-picce weathershed of the porcelain had cracked longitudinally in two places, accompanied
by loss of twc segments of the skirts. (See Fig. 3.31.) Upon fracture, the oil level quickly drained
down to the junction tetween the upner and lower sections of the weathershed.
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Subsequent disassembly of the bushing showed that the failure originated between the outermost first
and sccond foils (the ground foil and the potential-tap foil) and then propagated toward the entrance
end of the bushing, eventually involving a total of 16 of the 27 foils in this bushing design. Figures
3.33 and 3.34 display some of the tracking evidence on the bushing core, clearly involving the entire
length of the tapered section. The joint between the upper and lower segments of the weathershed,
relative to the core, is adjacent to and below the tapered portion of the bushing core.

[t is concluded, therefore, that the cumulative degradation of the bushing core’s insulation system
resulted in an internal arc, creating a shock wave that fractured the upper section of the weathershed.
The precise part played by the bushing potential tap and its associated leads is not completely clear.
At the di/dt’s (time rates of change of the current) involved for these fast-fronted waves, conductor
voltage drops of 75 to 100 kV/m/kA are rcalizable. The total lead length associated with the potential
tap is about 1/3 to 1/2 m. Currents of about 3 to 5 kA may pass through the bushing insulation
systcm. The voltage stress in this region under these stecp-front impulse conditions may be 4 to 6
times as high as the stress under lightning impulse conditions. The bushings tested with the 1.2- by
50-ps impulse wave showed no indication of damage. Hencee, the probability of failure was increased
by thc SFSD impulse, and thes » impulses arc likely candidates for causing anomalous failures.

3.7.2 Bushing Potential-Tap Mcasurcments

Attempts were made to utilize the bushing potential tap as a signal source for monitoring the
transicnt performance of the power-apparatus bushing. Breadboard-type experiments indicated that
with the addition of a suitable shunting capacitor and terminating resistors, measurements might be
madc at frequencics substantially higher than the normal 60 Hz application. An adapter containing
the desired components was fabricated from a heavy-wall capped pipe and inserted in the bushing
potential-tap well. This combination could be calibrated, yiclding acceptable results on the 1.2- by
50-us impulse wave, but proving to be unworkable on the 100- by 500-ns and faster waves. This
concept was therefore discarded. Reliable measurements were obtained using conventional impulse
dividers. Figure 3.35 displays the schematic circuit and the adapter.
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Fig. 3.33. Tracking on thc uppcr tapered scction of the power-apparatus bushing core assembly.
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Fig. 3.34. Tracking bctween layers of cellulose paper insulation, starting at the edge of the
potential tap foil.
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Fig. 3.35. Overview of the bushing potential-tap adapter. (a) Photo of adapter and (b) schematic
of adapter.
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4. COMBINED 60-HZ AND SFSD IMPULSE TESTS

4.1 INTRODUCTION

The majority of the evaluations performed for this project involved conducted impulse waves only.
Suspension insulators, pin insulators, and distribution transformers were identified as possible weak
links in the transmission and distribution systems.

This section addresses the behavior of suspension disks and distribution transformers with lightning
arresters under stresses imposed by the simultaneous application of 60-Hz, steep-front impulses, and,
where appropriate, mechanical load.

The specimens were mounted on a wood power pole in a manner similar to that of an actual utility
installation, so as to simulate a distribution-line installation height of 10 m, with a pole-mounted
ground lead. A maximum of 20 shots were to be made unless the specimen failed sooner. Positive-
polarity impulses were 0 be applicd ai the negative 60-Hz crest and negative-polarity impulses at the
positive 60-Hz crest, with a polarity change for each group of 5 shots. Specimens were energized
either at 14.4 kV or 34.5 kV, 60 Hz. As an alternative, the insulators were energized at 20 kV or
49 kV dc in a circuit resonating at 60 Hz upon FO or failure. Unless otherwise noted, the available
fault current was a maximum of 1000 A for all circuits.

The suspension-insulator strings were mechanically loaded with an axial tensile force of ~360 kg
(800 Ib).

4.2 TEST FACILITY

This experimental program was performed at the Thomas A. Edison Technical Center of Cooper
Industries, combining the capabilities of the High Voltage Complex and the Short Circuit and
Synthetic Laboratories. The test specimens were located in the High Voltage Complex, with the
laboratory instrumentation facilities supplementing the LeCroy data acquisition system as well as the
steep-fronted impulse. The Short Circuit Laboratory provided the 60-Hz source, which was connected
to the specimens via an overinsulated tie line that was ~ 140 m (460 ft) long. The same tie line was
used when the Synthetic Laboratory supplied 60 Hz to the RLC (resistance/inductance/capacitance)
circuits. Impulse blocking equipment was placed between the specimen and the tie-line from the
Short Circuit and Synthetic Laboratories. Figure 4.1 gives an overall view of the combined facilities.

4.3 SPECIMEN INSTALLATION

All the specimens, whether transformers or insulators, were mounted on a wood pole and/or wood
crossarm per the test specifications. Under normal installation conditions, the distribution line would
have an approximately 10-m mounting height, resulting in a ground-lead length of 10-12 m. For our
laboratory purposes, this lead length was split into two segments—roughly one-half on the source side
of the installation and one-half on the ground side. This represents the tightest coupling of the
specimen to the generator that could be realistically achieved.
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A copper-sulfate impulse-voltage divider was tied to the source end of the approximately 5-m-long
lead and to the same ground point as the grounded end of the other segment of the lead, also
approximately 5 m long. The voltage measured by the voltage divider, therefore, is a combination of
the IX (circuit reactance) drop of these leads and the specimen. Open-circuit voltages in the range
of 800 kV to slightly over 900 kV were the norm. The specimen FO (insulators) or lightning
arrester/transformer sparkover operation limited the maximum voltage during a shot to approximately
650 kV or less.

The necessity of the approximately 2-m spacing between the specimen source end-connection and
the specimen ground reference-connection, combined with the tall, oil-insulated peaking capacitor
and the long-peaking air gap, contributed to the approximately 90-ns impulse-wave rise time, which
was somewhat slower than desired. A schematic of the test circuit including the instrumentation for
the transformer/arrester portion of the test is shown in Fig. 4.2. Figure 4.3 shows the specimen,
peaking capacitor, peaking air gap, and impulse-voltage divider.

o
rI
| é ‘ G2 L‘
: ? | i Sia
: | 1€, CT
Py T
| | MARX VD VD,
[ : R, % ! LA, LA,
ll ] S
R TO 60 Hz
Lf.l cT,
——l l -
t P e
CT, S2a
MARX: 11 STAGES .13uF/STAGE CT,= IMPULSE CURRENT
4800nTOTAL CT,=60 Hz CURRENT
G,= PLASMA GAP, TRIGGER VD,=IMPULSE VOLTAGE DIVIDER
G~ PEAKING GAP VD,= 60 Hz VOLTAGE DIVIDER

C,= BLOCKING CAPACITOR 0.0254F LA;=36 KV DISTRIBUTION ARRESTER
C,= PEAKING CAPACITORS 0.2nF LA=54 KV DISTRIBUTION ARRESTER
L,= IMPULSE BLOCKING REACTOR S = SPECIMEN

R|= 1Kn

Fig. 42. Combined 60-Hz and steep-front test circuit used for the suspension insulator and
distribution transformer evaluations.

85




Fig. 4.3. Installation of (1) peaking capacitor, (2) peaking gap, (3) impulse-voltage divider,
(4) blocking capacitor, and (S) specimen for the multistress test.

Simultancous spccimen impulse voltage, specimen impulse current, 60-Hz voltage, and 60-Hz current
were recorded for cach shot. Normal-speed video was used to monitor virtually all shots. A D-dot
sensor was used to confirm waveshape.

4.4 EVALUATION OF TRANSFORMERS WITH ARRESTERS

This section discusses specimen characteristics and results of testing for transformers with arresters.
4.4.1 Specimens

The transformers selccted for this evaluation were 25-kVA, 14.4-kV-120/240-V, single-phase,
single-busiing, pole-mounted, shell-form transformers with LO-HI-LO winding construction and with
an internal weak-link fuse and secondary breaker. The arrester. which was either tanv-maunted and

uircct cennacicy, wnk-mounted with an cxlernal gap, or crossarm mounted, was an 18-kV, SiC
distribution-class device.
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Figure 4.3 shows the installation with the direct-connected arrester. Transformer secondary-load
resistors are visible immediately adjacent to the left side of the transformer tank. Visible in the right
background are the peaking air gap (between spheres), peaking capacitor, and gap/voltage-
divider/blocking-capacitor connection. The blocking capacitor (see Figs. 4.2 and 4.4) prevented 60 Hz
from damaging the copper-sulfate impulse-voltage divider.

Fig. 4.4. Part of the impulsc circuit consisting of the (1) peaking capacitor, (2) peaking gap,
(3) gap grading rings, (4) 60-Hz blocking capacitor and support, and (5) suspcnsion-disk specimen.

The transformer installation with the arrester crossarm mounted is also shown in Fig. 4.5. The lead
identificd as "to 60 Hz" connects to the impulse blocking apparatus, which includes a remotely
operated oil switch and fused disconnect switches (sce Fig. 4.6) for 60-Hz encrgization and fault-
current interruption in the event of catastrophic specimen failure.
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(1) oil switch
(2) fused disconnect switches
(3) potential divider
(4) air core reactor
(5) arrester

Fig. 4.6. Impulsc-blocking cquipment between the test specimen and the short-circuit generator.

For the test, the 60-Hz voltage was applied to the transformer primary for a minimum of 30 s
(typically 1 min) prior to the application of the impulse. This 30-s-plus time interval was required to
stabilizc the charge distribution within the transformer. The voltage was also maintained on the
specimen for 1 min following the impulse application to allow any insulation damage to evolve into
a fault. In the cvent that the transformer survived a total of 20 impulses applicd with 60 Hz, a
ncutral-current test was performed and compared with the ncutral-current measurement made prior
to the 20-shot scquence. If no failure was detected, the same transformer was subjected to another
sct of 20 shots with the arrester connection changed to one of the altcrnatives. The impulse polarity
was reversed for cach group of S shots of the 20-shot sequence as was done previously. Unless failure
occurred, the process was repeated for cach alternative configuration.
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4.4.1.1 Transformer/arrester specimen no. 3.9

The first test scqucace used transformer no. 3.9 with an 18-kV MOV lightning arrester that was tank-
mounted and direct-connected. The available fault current was approximately 1000 A rms and was
supplied by the Short Circuit Lab. The 60 Hz was applied for a mimumum of 30 s prior to the
application of the impulse. This transformer/arrester combination survived 20 shots, with shots made
in groups of 5 with alternating polarity between each group. The same specimen was subjected to a
similar scquence with an external 15/16-in. gap betwecen the arrester and the transformer bushing. The
combination again survived 20 shots. The 15/16-in. gap was observed flashing over on each shot. The
arrester was then mounted on a crossarm with a total of approximately 3 m of lead from the
transformer bushing through the arrester to the ground connection on the transformer tank. This
combination was subjected to 20 shots and again was not damaged.

4.4.1.2 Transformer/arrester specimen no. 6.9

A sccond transformer was tested using an 18-kV SiC arrester that was tank-mounted and direct-
connected. Then it was tested using a series with an external 15/16-in. gap between the arrester and
the transformer bushing, and again tested using the crossarm-mounted arrester as had been done for
the first transformer. This transformer/arrester combination took a total of 60 shots without failure
(20 shots from cach test sequence).

4.4.1.3 Transformer/arrester specimen no. 4.0

For the third transformer with an 18-kV SiC arrester, the scquence of test conditions was reversed.
The first sequence of 20 shots was taken with the arrester mounted on the crossarm with a normal
3-m lead between the arrester and the bushing and transformer tank. This combination failed. Failure
was evidenced by an increasc of approximately 30% in the neutral-current test performed following
the twentieth shot, compared with the neutral-current measurement prior to any shots. No external
display was observed.

No detectable fault current flowed at any time during this test scquence, and no change in exciting
current could be detected.

442 Results

Table 8 summarizes the results of the transformer-arrester testing
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Table 8. Results of transformer-arrester testing

SPEC. NO. ARRESTER NO. OF SHOTS CHANGE IN
CONNECTION " NEUTRAL
+IMPULSE | -IMPULSE CURRENTS
direct! i 10 [ 10 [ none
29 gapped? 10 10 none I
crossarm 10 10 none I
direct! 10 10 none
3.9 gapped® 10 10 none
crossarm 10 10 none
4.0 crossarm 10 10 30% increase

"Tank-mounted and direct-connected
*Tank-mounted with 15/16-in. external gap

NOTE: The data summary is in Appendix C, Section C.1.

Typical impulse-voltage traces for the lead transformer and arrester combinations are shown in Fig.
4.7. These traces are for a negative impulse on a positive 60-Hz crest. A substantial portion of the
impulse voltage is the lead drop. For the externally gapped arrester configuration, the maximum
voltage appearing across the transformer ranges frcm 125 to 150 kV, as was evidenced by visual and
photographic observation of the gap sparking over on each shot.

Figure 4.8 displays the positive impulse voltage on negative 60-Hz voltage for specimen no. 4.0 for
the first and twentieth shots. The perturbation at the A in Fig. 4.8 indicates insulation system failure.

The neutral-current data traces taken before and after the 20-shot sequence are similar to those
shown in Fig. 4.9. The neutral-current trace before testing is self explanatory. The neutral-current
trace AFTER testing involved a significant increase in the current, exceeding the signal clipping level.
The failure was NOT permanent. A second neutral-current injec*ion failed to show the damage.

Disassembly of this transformer revealed both turn-to-turn and layer-to-layer insulation damage at
the edge of the outermost lay.t of the primary winding near a corner. The damage was not severe
enough to cause an evolving 60-Hz fault. Figure 4.10 shows the location of the failure with slight
discoloration and extremely slight degradation of the outer wrap of layer insulation. Figure 4.11 shows
the degradation of the layer insulation between the two outer layers of the primary winding. The
failure of the third transformer (no. 4.0) cannot be immediately explained. Although efforts were
made to reduce the "conditioning” effects of repeated shots, such conditioning of the samples may
have occurred in the first and second samples (nos. 3.9 and 2.9, respectively). Placing the arrester on
the crossarm earlier in the test sequence for the third transformer (no. 4.0) may have subjected it to
higher stress eatlier in the sequence. Trapped charge may be one possible cause of this "conditioning”
phenomenon.
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Fig. 4.7. Negative impulse voltage on positive 60-Hz voltage for cach of the three transformers
with arrester configurations. The zero lines for each of the traces are at the arrows.

Scale factor for vertical axis: 270 kV/division.
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Fig. 4.8. Positive impulsc voltage on negative 60-Hz voltage traces for the first and twentieth shots.
The arrows indicate the zero line positions for the two traces.
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Fig. 4.9. Neutral-current injection traces before and after the failure of specimen under impulse
only. The "after” signal exceeded the signal clipping level. Independent instrumentation yielded a
peak current of 114 A as compared with the "before” magnitude of 69 A.
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Fig. 4.10. Failure at the edge of the outer layer of the primary winding. The outer section of the
sccondary winding has been removed.
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Fig. 4.11. Vicw showing dcgradation of the laycr insulation between the two outcrmost layers of
the primary winding.
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4.5 SUSPENSION INSULATORS

We obtaired used suspension insulators conforming to ANSI class 52-3 and 52-4 specification (see
Fig. 3.14). These insulators, which were obtained from utility serviceable stores, were manufactured
in 1968-69 and had been in utility service for an indeterminate period. They were hung from the
polc-mounted wooden crossarm using conventional suspension hardware and were loaded with a
360-kg weight. This weight, a small fraction of the rated tensile strength of the insulator, is
representative of the mechanical loading of these insulators on distribution lines. Two line
configurations were used. The first configuration simulated a horizontal distribution line by using a
3-m (10-ft) length of 1-in. (trade size) electrical conduit terminated in 30-cm (12-in.) spheres lying
horizontally in the suspension saddle. The second configuration simulated dead-end construction using
an axial load only. The suspension hardware fastened to the crossarms was grounded (60-Hz pole
ground lead) for most of the program. A number of shots, however, were taken with this hardware
ungrounded, using an intentional 20-cm (8-in.) gap on the crossarm between the hardware and the
closest ground connection. Figure 4.12{a) shows the configuration used for the mid-line spccimens.
The 20-cm gap, if used, provides approximately 100 kV of insulation strength when subjected to 1.2-
by 50-us impulses. Figurc 4.12(b) shows the configuration used for the dead-cnd specimens. The decad
weight was spaced off the floor to maintain axial tensile force during a shot or sequence of shots. The
behavior of the specimens was monitored by using normal-speed video recording.

4.5.1 Suspension-Insulator Tests,

The specimens using two suspension disks in series with grounded hardwarc were tested first, with
the nominal 60 Hz supplicd from the Synthetic Lab. Available fault current was approximately 1000 A
on the first loop, decaying to approximately 400 A on the third loop. (A loop corresponds to one-half
cycle.) Two of these specimens survived all 20 shots, which were made in groups of five and changed
polarity for cach group. One of the insulators on one of the three specimens punctured and carried
60 Hz, but did not fracture or catastrophically fail. A 500-V megohmmeter gave a zero resistance
measurement on the punctured disk. This specimen failed on the sixth shot, which was the first
application of a positive impulse following five applications of negative impulse. The same specimen
was subscquently tested under similar conditions with 1000 A available from the Short Circuit
Laboratory. Similar specimens were tested using a 20-cm gap between the suspension hardware and
ground along the wood crossarm. While these specimens could be flashed over on every shot with
impulse oiny, thcy could not be flashed over on every shot when the Synthetic Laboratory’s FO
follow-current system was connected to the specimen. The 60-Hz circuit from the Synthetic
Laboratory cffectively reduced the output of the impulse gencrator such that the series insulation
combination of porcelain and wood could not be flashed over.

Several specimens of single suspension disks were inserted in a tightly coupled impulse circuit having
risc times substantially less than 90 ns (some rise times on the order of 20 ns were recorded). All such
singlc insulator specimens on this circuit were punctured within two to seven shots. These punctured
insulators were subscquently tested in series with other good insulators. In all cases, the punctured
insulators subjccted to impulsc with 60 Hz fractured. In several instances, the suspended lines did not
drop even though all of the skirts were blown off the two-disk combinations, and half of one of the
skirts war blown off a second two-disk combination. For this sequence of tests, the available 60-Hz
fault current was raised to approximatcly 2500 A rms in the first loop, decaying to approximately
1000 A rms on the third loop of current {low.
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(b)

Fig. 4.12. (a) Suspension-insulator specimen simulating midline construction, and (b) simulated
dcad-end construction.
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Figure 4.13 shows typical upper-surface damage to the suspension disks as the cesult of the exposure
to the multistress environment. Figure 4.14 shows the underside damage to the insulators. Figure 4.15
shows the severe damage incurred when the specimen fractured but did not drop the line. Figure
4.16(a)-(e) is a sequence of frames from the video recording that displays FO and follow-current flow
without the line dropping. Figure 4.17(a)-(¢) shows a similar sequence of frames with FO,
fault-current flow, and suspension-disk fracture followed by line dropping.

Fig. 4.13. Damage to the upper surface of the suspension disks resulting from fault-current flow
initiated by a stecp-fronted impulse.
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Fig. 4.14. Damagc to the lower surfaces of the suspension disks resulting from fault-current flow
initiated by a steep-fronted impulse.
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Fig. 4.15. Severc damage to the suspension-disk specimens without the line dropping.
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Fig. 4.16. Sequence of video frames showing flashover and fault current arcing without the line
dropping: (a) prior to test, (b) initial flashover.
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Fig. 4.16. (c) Maximum power follow, (d) decaying arc.
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Fig. 4.16. (¢) End of test sequence showing that line has not dropped.
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(a)

(b) s

Fig. 4.17. Sequence of video frames showing flashover and fault-current arcing, incluing fracturing
of the suspension disks accompanicd by line dropping: (a) prior to test, (b) initial flashover.
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Fig. 4.17. (c) Maximum currcnt and beginning of destruction of disk, (d) destruction of disk.
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(e}
Fig. 4.17. (¢) End of test sequence showing failed disk and dropped linc.
4.5.2 Results of the Multistress Evaluation of the Suspension Insulators
luation of the suspension insulators.

Tablc 9 SUMMArizes the results of the multistress €va
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5. CONCLUSIONS AND RECOMMENDATIONS

In general, the response of electric-power insulation systems to SFSD impulses is more detrimental
to the insulation systems than might be expected from the lightning-impulse response of such systems.
However, as discussed below, methods exist for protecting the system against the SFSD impulse in
the ranges (both waveshape and voltage/current) studied during this research effort.

Indeed, the strength (BIL) of all insulation systems studied—viz., oil/paper/enamel, oil/paper, and
porcelain/air, as characterized in distribution and power transformers, structural insulation, and
bushings—increases under SFSD impulse. As indicated, however, the increase of BIL is not as great
as would be expected from extrapolation of lightning-impulse data, and there is strong evidence that
dclayed failure will result from cumulative exposure to SFSD impulse. Such failures may result from
a series of SFSD impulses below the BIL required for a failure under a single SFSD impulse.

Simultaneous external FO and internal puncture was observed during the course of these
investigations for both structural insulation (suspension disks) and paper/oil systems (power-
transformer bushings). Catastrophic failure occurred in one case for the power-transformer bushings
under impulse only. In the case of suspension insulators, catastrophic failure was also demonstrated
for the combined impact of SFSD impulse and 60-Hz power follow currents greater than 2.4 kA.

Because the nominal waveshapes used in this study were chosen to bound the range of rise times and
durations of interest (1.2 by 50 us, 100 by 500 ns, and 10 by 150 ns), the results are applicable to
sourccs ranging from the standard lightning impulse to the fastest coupled EMP impulse. The peak
magnitudcs of the impulses used were chosen to reflect the peak values expected from the source
waveform. In many cascs, failure or FO occurred before the peak value was reached. Flashover or
arrester action also limited applied peak voltages, and the resulting data was used to suggest
protective methods and practices.

The statistical significance of the results of thesc experiments must be noted. Because of limited
resources, the decision was made to use a small number of test specimens with a large number of
impulses. The results therefore provide a correct response for the samples tested at the expense of
a probability distribution of failure and FO performance, and attempts to develop such distributions
from the summary data must be discouraged.

The following conclusions are drawn on the basis of the evaluations performed using conducted SFSD
impulses.

1. Conducted steep-front impulses have been shown to flash over and damage or puncture
unenergized, unprotected apparatus having BILs of 550 kV and less. The likelihood of damage
increases as the BIL decreascs. A BIL range susceptible to damage is 115-200 kV. The
susceptibility of apparatus with BILs of 95 kV and below was not determined.

2. Under energized conditions, suspension insulators and transformers without direct-connected

arresters have been damaged by exposure to a conducted wave simulating the EMP-coupled wave.
The damage to suspension insulators has been catastrophic. Damage to distribution transformers
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without direct-connected arresters reduces the expected service life of same, and may lead to
complete failure of the units at an undeterminable time in the future.

3. Adhering to good protection practices by using conventional lightning arresters will reduce
dramatically the incidence of insulation damage to apparatus such as transformers and their
associated bushings when exposed to these steep-fronted transients. It is strongly recommended
that all distribution transformers be protected with appropriately rated lightning arresters, either
SiC type or MOV type.

It is further recommended that these lightning arresters be tank-mounted and direct-connected
to the transformer input bushing, which can be accomplished by retrofit as well as by new or
replacement construction. The behavior of under-oil arresters when subjected to these SFSD
impulses is not well known, but with minimum lead length they should provide similar protection.
It is recommended that lightning arresters be located immediately adjacent to the
higher-voltage-rated (30 kV and higher) distribution- and transmission-class transformer bushings,
reducing the connecting-lead length to an absolute minimum.

4. The likelihood of damage to the structural porcelain insulation can be reduced by using additional
insulators, thereby increasing the BIL and reducing FO probability at lower impulse levels.

Consideration shcould be given to over-insulating critical distribution lines while maintaining
present overvoltage protection levels.

5. The likelihood of catastrophic tailure of suspension insulators increases at higher available fault
currents. Dielectric failure induced by steep-front impulse to both porcelain/air and paper/oil
systems may not be instantaneously followed by catastrophic failure. A delayed total failure is
more likely.

6. As indicated by this project’s attempts to model the transient behavior of transformers, using
closed-form analytical models to predict insulation system behavior is not economically viable. The
classical representation of experimentally derived data is the easiest and most economically
practical way to understand insulation system response to the SFSD impulse.

All the work reported herein used conducted impulses on energizcd or unenergized discrete devices,
without taking into account that other nearby devices could interact with and possibly ameliorate the
cffects of these impulses. Protective devices Iccated within one or two pole spans could reduce the
impact of the coupled wave. However, such devices that are located beyond the next ground points,
typically 5 or 6 polc spans away, would be less likely to help.

Finally, for EMP studies, it is recommended that staged tests be performed illuminating a section of
a distribution line and line substation, using an EMP gencrator. Such an exercise would provide
additional insight into EMP/distribution system coupling factors, structural-insulation performance,
protective-equipment performance, and circuit-breaker/circuit-recloser/control performance. The
cvaluation should be performed both with the system encrgized and with the system unenergized.
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APPENDICES




A. TRANSFORMER MODELING OF STEEP-FRONTED SURGES

This appendix discusses modeling of the effects of steep-fronted surges on shell-form distribution
transformers and core-form power transformers.

A1 SHELL-FORM DISTRIBUTION TRANSFORMERS

The low-voltage impulse-distribution data taken on the shell-form disiribution transformer, Section
2.1.3.1, and the core-form power transformer, Section 2.1.3.3, were used as input. Simulations were
performed using a conventional lumped-element model of the transformer, Fig. A.1. This is basically
a ladder network of capacitance between windings and from winding to ground with the inductances
supcrimposcd. All inductances are strongly coupled. The most influential losses are those related to
eddy currents; these losses are represented by resistances in shunt with the inductances.

T I1

Fig. A.1. General form of the transformer modcel.

The model of the transformer, where the inductances are computed for the transformer’s major
sections (disk coil, layer winding, etc.), works well for the 1.2- by 50-us surge. For faster surges, the
modcl generally results in a simple capacitive division of the surge throughout the network. indicating
that the model inuuctances are not involved. However, the measurcments showed that therc were
high-frequency oscillations within the transformers for all three waves. The inductances required to
causc these oscillations appear to be very small. Therefore, it was concluded that they are stray
inductances of some sort. As of this writing, the source or sources of these stray inductances have not
been identified.

It is now apparent that significantly smaller portions of the winding would have to be modeled in
order to study and undcrstand these cffects. This implics that individual turns of the winding might
have to be modcled, which at this time appears to be a monumental undertaking from both
experimental and computational points of view.

A 1.1 Modcl Paramcters for the Shell-Form Distribution Transformer
The inductances and capacitances of the shell-form distribution transformer werc computed using the
SHELLZ computer program [1]. This is a PC-based program that is designed to compute the model

paramcters for a large, shell-form power transformer, but the basic assumptions arc also satisfied for
the particular distribution transformer uscd in this study.
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The fundamental assumption is that the smallest element is a full-layer winding, or, in the terminology
of some, a pancake or disk winding. The laycr winding must be approximately symmetrical in the
window. Transformers satisfying this assumption have the basic geometry shown in Fig. A 2.

CORE

Nlayer
Windings

Barrier

Fig. A2. Transformer geometry to which SHELLZ program applies.

The short-circuit inductances between each pair of layer windings are computed and then converted
to NODAL GAMMA MATRIX form (inverse of nodal inductance matrix).? This is a relatively
straightforward linear algebra manipulation on the matrix. If we say that X is the short-circuit
impedance between two windings, i and j, then we can construct the conventional utility power system
"Zgus' matrix as follows:

DIAGONAL
ELEMENTS: Z,. =X, and i=1-N-1,

] 1.1

where N = number of windings.

Winding 1 is the reference winding (one winding must be chosen as a reference).

OFF-DIAGONAL

ELEMENTS: Z,, = 0.5(2Bus +Zg ~Xse ) and i # j.

1e1.401

Zg,, is then inverted and converted to nodal admittance form using a standard power-invariant
transformation. If Xgc is in per unit form, the turns ratios must be incorporated into the GAMMA
matrix that results from this transformation.

The capacitances between layers are computed using the simple parallel-plate formula and a relative
permittivity of 3.5, an empirical value that well represents a composite paper-oil insulation system.

C = 0.225(3.5)A/d (pF) ,
where

A = plate area in square inches,
d = plate separation in inches.
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Consecutive layer windings that are connected in series are assumed to have an equipotential surface
halfway between the layers. Thus, the capacitance from a layer to the equipotential surface is twice
the capacitance between layers. The capacitance is then split in half, and one half is placed at each
end of the winding. Therefore, the capacitance across the winding in the model in Fig. A.1 is simply
the layer-to-layer capacitance.

The capacitance from the edge of the layer winding to the core is also computed based on the simple
parallel-plate formula. However, the fringing field is not negligible because of the narrowness of the
cdge of the coil relative to the ground plane offered by the core. If we were to energize a group of
layer windings from one terminal with the other terminal open, we would find that the multiple edges
approximate a continuous plane. Therefore, we have empirically determined that a good way to
compute edge capacitances to ground is to assume that the winding edge extends halfway into the
barrier on either side.

The dimensional data used to represent the y-connected, 75-kVA, 14.4/24.9-kV-»120/240-V
distribution transformer in the SHELLZ program is shown in Table A.1. Design values are: 225 kVA,
3 phase, 10.909 V/turn, 9-in. core-window width, 20 windings, 1000-Q loss resistance.

Table A.1. Dimensional data for SHELLZ Transformer Model

COIL MEAN TURN BUILD [DUCT] WIDTH] MOLD NO. OF "
NO. LENGTH RADIUS CLEARANCE| TURNS
LV1 29.80 8 0.079 | 0.6799 0.5 11
1 33.19 775 0.172| 0.056 0.625 75.5
2 33.799 7.5 0039 0056 0.625 75.5
3 34.408 7.75 0.039| 0.056 0.625 75.5
4 35.017 775 0.039| 0.056 0.625 75.5
5 35.626 775 0.039 | 0.056 0.625 75.5
6 36.236 7.75 0.039| 0.056 0.625 775
7 36.844 775 0.039 | 0.056 0.625 775
8 37.454 775 0.039| 0.056 0.625 75.5
9 38.06 7.75 0.039] 0.056 0.625 75.5
10 38.67 775 0.039| 0.056 0.625 75.5
11 39.28 7.75 0.039 | 0.056 0.625 75.5
12 39.89 775 0.039 ] 0.056 0.625 75.5
13 40.5 7.75 0.039| 0.056 0.625 755
14 41.1 775 0.039] 0.056 0.625 75.5
15 41.72 775 0.039 [ 0.056 0.625 75.5
16 4233 775 0.039] 0.056 0.625 75.5
17 42.936 7.75 0.039 | 0.056 0.625 75.5
18 43.54 3.75 0.039 | 0.056 2.625 36.5
LV2 46.76 8 0.172] 0.6799 0.5 11

NOTE: Last duct 0.0322. All dimensions in inches.
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The low-voltage windings were each represented as a one-layer winding, while the primary winding
was divided into 18 layer windings (the actual number). The windings were connected as shown in
Table A.2.

Table A.2. Winding connects for SHELLZ Transformer Model

COIL[FROM| TO TOP OF
COIL (FROM
OR TO)

LVi] x|GROUND F

1 | N1-2 |GROUND T

2 | N23 | Ni2 F

3 | N34 | N23 T

Z | N45 | N34 F

5 | N56 | N45 T

6 | N67 | N56 F

7 | N78 | N6.7 T

8 | N89 | N8 F

9 | N9-10 | N89 T

10 |N10-11| N9-10 F

11 |N11-12| NIO-11 T

12 |N12-13| Nii-12 F

13 |NI3-14| NI2-13 T

14 |[N14-15| NI3-14 F

15 |N15-16] NI4-15 T

16 [N1617| NI5-16 F

17 [N17-18] Ni6-17 T

18 | H1 | NI7-18 F
LVZ[ LVZ [GROUND T

X3

The high-voltage winding was variously modeled as 18 one-layer windings, 9 two-layer windings, and
6 three-layer windings. Essentially, this was accomplished by making a reduced equivalent of the
GAMMA MATRIX after it was computed, with each winding explicitly represented. The model that
used 9 two-layer windings was the best match to the 1.2- by 50-us test results. The model that used
18 one-layer windings introduced a higher-frequency oscillation that was not seen in the
measurements. This phenomenon had been experienced previously with other simulations and is
apparently the result of inadequate damping of an unidentified mode of oscillation in the model.

Losses in the model are difficult to predict. The predominant damping of the 1.2- by 50-us wave is

caused by induccd eddy currents. The approximate value of rcsistance to use in the model may be
determined from the tested core loss. Also, the model frequently shows a minor mode of oscillation

120




in the 50-kHz range that has very little damping. In the actual transformer, this mode is often visible,
but heavily damped. It is visible in the measured response of the transformer, Fig. A.3.

locations 8, 7, 6, 5, 4, 2, 1; 500 ns/division

Fig. A.3. Mcasurcd response of shell-form distribution transformer for the 1.2- by 50-us wave.

A.1.2 Modcling Response

The modeling response and the measurements at 1.2 by 50 us agree well. It is not known what loss
mechanism causcs the damping, but two possible mechanisms are dielectric losses and conductor
skin-cffect losses.

The transformer’s measured response and the model’s response are shown in Figs. A.4 and A.7,
respectively, for the 100- by S00-ns wave. The measured response displays a pronounced ~1-MHz

component resulting in a 1.1/unit magnitude voltage of ~ 300 ns. Neither of these factors appear
in the model’s computed response for 100- by 500-ns injection.

Figure A.6 displays the output of the model for the 1.2- by 50-us wave.

Figures A.5 and A.8 display the measured and computed responses for the 10- by 150-ns wave.
The measured response shows a significant ~50-MHz oscillation, among others, that is absent in

the computed response.

To the best of the authors’ knowledge, this endeavor is the first in which instrumentation capable
of measuring frequencics greater than 1 MHz has been applied to transformers of this type.

It is apparcnt that the faster-front impulses are exciting previously unrecognized resonances in the
transtormer. These resonances can produce changes in the voltage stress on the insulation system,

creating high stress in perhaps unexpected locations. This stress may be a partial cause of the
anomalous failure problem.

121




locations 8, 7, 6, 5, 4, 2, 1; 500 ns/division

0 A I

Fig. A.4. Mcasured response of the shell-form distribution transformer for the 100- by 500-ns wave.

locations 8...1; 500 ns/division

Fig. A'5. Measured response of the shell-form distribution transformer for the 10- by 150-ns wave.
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18 usec/div

Fig. A.6. Computed responsc of the shell-form dist-"uZ.on transformer for the 1.2- by 50-us wave.

Peak voltage = 1.0282E+00 .
{\\
!
Time
i n -——‘:

Fig. /»7. Computcd rcsponse of the shell-form distribution transformer for the 100- by 500-ns wave.

999 nanosec/div
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Peak volttage = 1.0000E+00 .

= Time

100 nanosec/div

Fig. A.8. Compu:cd response of the shell-forn di.tribution tru...{ormer for the 10- by 150-ns wave.

® It is concluded that the inode! deveioped provioes a good solution for the 1.2- by 50-us impulses.
The model does not provide an acceptable simulaiinn for either of the faster waves, however, but
additional understanding was obtained about moa-ling requirements and possiblc anomalous
failure mechanisms.

A2 CORE-FORM 16-MVA POWER TRANSFORMER

Each phase of the high-voltage ‘vinding of this transformer utilizes 160 disk coils. It is a center-start
design, with the H1 terminal connected to the middle of the physical winding and with the two 80-coil
halves being symmetrical and in parallel. Therc is a tap section in each half of the high-voltage
winding. The tap scction is approximately in the middle (fortieth coil) of each half.

A 2.1 Simulations Performed

Two types of simulations were performed on the 16-MVA core-form transforr.er. First, the three test
waveforms were simulated on the model with each disk coil represented individually. When the
simulations failed to show ihe same oscillatory behavior that the actual measurements did, a second
investigation was carried out to try to determine what could be causing the oscillations. Somewhat
similar comparisons were achieved by replacing the coupled disk-coil models with uncoupled small
inductances across the coil-to-coil capacitances.

The individual and mutual inductances of each disk-coil were computed using finite elemert methods.
The transformer was modeled with each disk-coil explicitly represented. It was assumed to be
symmetrical, i.e., thc samec surges appeared in each half of the high-voltage winding. Thus, the
number of coupled inductances was reduced from 160 to 80. The effect of identical surge currents’
flowing in the other half was incorporated in the reduction of the (Zg,,) matrix (see Section A.1.1).
This was done by making thc currents in the top half equal to the mirror image currents in the
bottom half and combining equations.

The capacitances were computed as described for the shell-form distribution transformer. The
capacitance to ground from the outside edge of the coil was arbitrarily assumed .o be hLalf the
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capacitance from the inside edge of the disk coil to ground. This capacitance was about 10 pF per
coil. The coil-to-coil capacitance was computed to be approximately 2200 pF. A snapshot of the
inductance matrix computed for this transformer is given below on a per unit basis (one turn per
coil).

This matrix must be modified according to the number of active turns in each disk coil. The diagonal
clements are multiplicd by the turns squared. The off-diagonals are multiplied by the number of turns
in cach of the two coils involved.

As can be seen, the inductance of each turn is about 100 pH. While searching for the inductances
causing the oscillations on the SFSD waves, it was determined that an inductance of about 0.7 to
1.0 uH would be required. This implies that the "stray” inductance is certainly less than one turn, or
that perhaps we are observing oscillatory behavior within a disk coil. If the latter is the case, the
current in onc turn is ncarly matched by an opposite current in an adjacent turn, resulting in a low
apparent inductance.

A 2.2 Results of Simulations

The results of the simulation of the core-form power transformer are disappointing. The major
phecnomena of the 1.2- by SO-us impulse response follow the correct trend, but the oscillatory
phenomenon clearly present in the first 5 to 10 us in the measurements (Fig. A.9) is absent in the
simulations (Fig. A.12). The model scems to have a dominant frequency response somewhere in the
ncighborhood of 15 kHz. It takes about 50 us for the main surge to propagate through the model
winding (sce the computed step response, Fig. A.16).

Naturally, the model fails to predict the 2-MHz phenomenon observed on the faster impulses of 100
by 500 ns (Figs. A.10 and A.13) and 10 by 150 ns (Figs. A.11 and A.14). The inductance model is
much too coarse; the inductances are so large that there is no appreciable current flow during the
time period of intcrest. Thus, the model shows a simple capacitive-divider effect.

Figurc A.15 shows the results of using the model with small uncoupled inductors instead of the large

coupled ones: oscillatory behavior occurs that is somewhat like that seen in the measured 100- by
500-ns surge in Fig. A.10. This model requires refinement.

REFERENCES
1. SHELLZ, Ver. 1 [computer program], Cooper Power Systems, Franksville, Wis., 1987.

2. G. W. Stagg and A. H. El-Abiad, Computer Methods in Power Systems Analysis, McGraw-Hill,
N.Y, 1968.
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locations 1 through 15; 500 ns/division

Fig. A9. Measured 1.2- by 50-us response of the core-form power transformer.

locations 1...; locations 2 and 3 higher than 1; 500 ns/division

Fig. A.10. Measurcd 100- by 500-ns response of the core-form power transformer.
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locations 1 through 15; locations 2 and 3 higher than 1, 500 ns/division

Fig. A.11. Measurcd 10- by 150-ns response of the core-form power transformer.

Prak voltage = 1.+

5 wec/div

Fig. A.12. Computed 1.2- by 50-us responsc of the corc-form power transformer.
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Peak voltage = 9.99NE-Q1

Fig. A.13. Computed 100~ by 500-ns response of the core-form power transformer.

Peak voltage = 4.9244I-4(

LT —

—

100 aanosec/div

Fig. A.14. Computied 10- by 150-ns response of the core-form power transformer.
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Peak woltage = 9.99E-0L

Fig. A 15. Computed 100- by 500-ns response with decoupled, 0.7 H stray inductances in the
core-form power transformer.

Peak voltage = §,30795+00

a0 wee/div

Fig. A.16. Computcd step response of the core-form power transformer model
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B. DATA SUMMARIES, IMPULSE ONLY

DATA SUMMARY B.1

SHELL-FORM DISTRIBUTION TRANSFORMER, IMPULSE ONLY

SPECIMEN WAVESHAPE Jl NO. OF BIL KV | COMMENTS
NO. SHOTS
1 1.2 x 50 ys 4 1 127
2 1.2 x 50 ys 14 126
3 1.2 x 50 ys 9 127
4 1.2 x 50 ys 10 126
5 1.2 x 50 ys 9 125 Lead on terminal block
trained incorrectly.
5 1.2 x 50 ys 8 129 Lead training corrected.
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