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ABSTRACT

Results are reported from experiments in which steep-front, short-duration (SFSD) voltage

impulses were imposed onvarious electrical power distributioncomponents. These pulses were gen-
erated by switching a section of charged, high voltage coaxial cable across the component under

study. Components included underground distribution cable, cable terminators, insulators and 2"-

resters. SFSD voltage needed to flashover 15kV polyethylenecable with a single pulse is approxi-

mately 625 kV peak. Strength of polyethylene cable decreases with increasing number of SFSD

pulses, indicating cumtflativedegradation of the polymer. For 15kV and 25 kV cable terminators,

the SFSD CFO was over twice the rated standard lightning BILfor the same units. Similarly,porce-

lain suspension insulators required more than a doubling of voltage to decrease time to flashover

from 1 microsecond to .1 microsecond. Arresters were found to respond rapidly to steep-front cur-

rent pulses, but the arrester material itself wasfound to result in a higherdischarge voltage for SFSD

pulses. Arresters also showed a delay in turn-on of current following the arrival of a steep-front

voltage surge.
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EXECUTIVE SUMMARY

The purpose of this study has been to establish a data base on the response of power system

components to steep-front impulses, These data are needed in order to carry out accurate simulations

to predict the effects of steep-front, short-duration impulses on electric power systems.

Power systems are subjected to electrical transients primarily due to lightning and switching

events. The electrical surges generated by lightning discharges can have pe_ strengths of hundreds

of thousands of volts, with front times and durations of approximately one and 100 microseconds,

respectively, Switching surges have lower voltages but rise times and durations ten to one hundred

times the lightning impulse, Bo,*.hlightning and switching are known to generate much faster tran-

sients under conditions which may exist in electrical power systems. A high-altitude nuclear detona-

tion generates a strong electromagnetic wave which also can induce a steep-fi'ont, short-duration

surge on the terrestrial power systems,

Because of the time needed for the arc in an electrical breakdown to develop, and because this

development time is inversely proportional to the voltage driving the growth of the arc, longer dura-

tion transients (e,g,, switching surges) require less peak voltage to flash over a particular insulator

than is needed for the shorter duration lightning transient. We would therefore expect by extrapola-

tion that the very short duration impulses considered in this study will require much higher peak volt-

ages to break down the same insulator.

. There is the factor of degradation which also must be considered. The high voltage, steep-

front, short-duration pulse will have very high frequencies and high rates of change of voltage, and

these stresses can have a strong degrading influence on the dielecta'ic materials of the insulations un-

der study,

These expected influences guided the experiments performed during this research and were

used to interpret the experimental results.

The following results are reported in detail for the indicated components'

1, Polyethylene cable for underground residential service: new an_lfiold _.ged: Impulse weak-

ening of cable appears to be cumulative, with breakdown voltage decreasing with increasing number

of pulses, There are no measurable changes in capacitance or dissipation factor during this multiple

impulse process. Field aged cable already shows weakening.

2. _Cableterminators ("potheads_,): Steep-front, short duration (SFSD) withstand sta'ength of

. terminators is much greater than standard lightning capability, but a high percentage of SFSD failures

result in shattering,

ix
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x Executive Summary

3, Insulators: pin and suspension, porcel0,in and polymer: Insulators, like terminators, also

show very high voltage withstand ability for SFSD pulses, An inverse relation was found between

peak voltage and time to flashover, confirming that shorter pulses have much higher CFOs, Some

interesting differences in flashover current and voltage waveshapes have been observed when com-

paring clean, dry insulators and wet, contaminated insulators,

4. Arresters: SiC and MO¥: Arresters exhibit _1 inductive behavior which is very prominent

during SFSD pulsing. This is due both to the geomeu'ic inductance of the arrester and its leads and

to the fact that the attester material has some lag in responding to rapidly applied voltage, These two

effects were separated by a substitution technique, and the response of the an'ester MOV material

was shown to be quite fast. MOV arresters were shown to respond to closely following repeated

surges almost as well as to initial pulses, Current flow in MOV arresters was also found to delay

up to 150 ns after initiation of a steep-front voltage pulse in the turn-on or "knee" portion of the

attester i-v characteristic,

Several pulsers were developed, and a variety of measurement and analysis techniques were

employed to obtain these desired results, These techniques and results will be explained in detail

in this report.

For ali components tested, the SFSD CFOs were considerably higher than standard lightning
,i

CFOs.
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1. INTRODUCTION

Comp:_t,er simulations must be used to assess the expected impact of nuclear electromagnetic

, pulses (EMP) on terrestrial electric power networks. Magnitude of the e-m wave generated by the

explosion, coupling of this wave into the power system, and propagation of the coupled surge along

- the power transmission and distribution lines are amenable to analytical evaluation.

Experimentation must be used, however, to determine the ability of power system components to

sustain these very intense, steep-front, short-duration (SFSD) pulses. The purpose of this study is

to contributeto this necessary data base on behavior of power distribution components during single

and repeated steep-front EMP impulses for use in system assessments. Other possible sources of

steep-front impulses are lightning and switching operations in gas-insulated substation.

These components have been studied'

1. Polyethylene cable for underground residential service; new and field aged

2. Cable terminators ("potheads")

3, Insulators: pin and suspetasion, porcelain and polymer

4. Arresters; SiC and MOV

Several pulsers were developed, and a variety of measurement and analysis techniques were

employed to obtain these desired results. These techniques and result_ will be explained in detail

in this report.

• For ali components tested, the SFSD CFOs were considerably higher than standard lightning

CFOs. SFSD CFOs were found to be from over 2 to 10 time_ higher than lightning CFOs, depending

, on the characteristics of the SFSD impulse.

2. PULSER DEVF_

This section will report on the development of pulsers to generate the steep-front voltage and

current pulses required to meet the various objectives of this program.

2.1 35 kV and 69 kV Cable Pulsers [Ref. 1, 2, 4-6]

Figures 1 and 2 show the circuit diagramand a photograph of an early pulser made from 35kV

cable. 69kV cable was also used in this type of pulser. Ten meter long cable sections were used.

One to four of them were used in parallel in order to adjust the impedance and output voltage. The

MSU impulse generator was used to pulse charge these "peaking" cables. When the peaking cable

voltage reaches the breakdown voltage of the peaking gap, that gap fires and delivers the SFSD pulse

to the test object. Figure 3 shows a typical voltage pulse delivered to a terminated 15kV cable,

, These pulsers gave rise times in the 50-100 ns range, Since cable charging voltages of over 600

kV are required in order to deliver 300 kV pulses to the test load, these pulse cables did not last very

. long.

1
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2. Pulser Development 3

2.2 138 kV Cable Pulser [3, 7]

The Electric Power Research Institute donated an 80 meter piece of 138 kV polyethylene cable

- to Mississippi State University in 1989. This allowed us to achieve longer pulser life and shorter

rise times. Generally, the cable was kept on its reel, as shown in the Figure 4 photograph.

Approximate dimensions and impedance of this cable are shown below:

conductor diameter: 27 mm

inner and outer semiconducting layer thickness: 1 mm

insulation thickness: 28 mm

shield outside diameter: 82 mm

surge impedance: 42 ohms.

Later, two 10 meter sections were cut from this cable piece, leaving a 60 meter main section.

These were used singly, in parallel or in a Ma_-xcircuit to obtain shorter, higher voltage or lower

impedance circuits. The circuit drawing in Figure 1 is typical of these circuits. Figure 5 shows the

80 meter cable pulser circuits. The pulse from the 80 meter cable pulser into a matched load is

presented in Figure 6. Note that the rise time is now about 40 ns and duration is approximately 1

microsecoo0. When two 10 meter sections of this 138 kV cable are used in parallel, the voltage pulse

o into a matched load is shown in Figure 7; now the rise time and pulse length are about 50 ns and 0.25

microseconds, respectively. This discharge circuit, including the output gap, the load and the ground

, return line, must be kept short in order to minimize inductance.

This pulser has been employed primarily to study arrester response to steep-front pulses,

2.3 Two Stage Marx Pulser Made From 138 kV Cable

The circuit in Figure 8 was developed in order to achieve higher voltages from the 138 kV cable.

A photograph of this circuit is shown in Figure 9. Now, the two 10 meter sections of cable end up

in series and so their charge voltages add and their output impedance doubles. A very fast rising,

short duration high voltage pulse is generated by this pulser, as shown in Figure 10.

This circuit is used in SFSD insulator CFO measurements.



Figure 2: Photograph of an early dual 69 kV cable pulser.

Figure 3: Voltage pulse into 15 kV terminator and terminated 15 kV cable.
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Figure 4: Photograph of 138 kV cable pulser. Tall impulse generator in
background; pulser cable on reel. Wire wound and liquid

, dividers suspended from posts connected to input of test cable
(10/8/89).
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l using i38 kV cable to test arresters.
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VOLTAG[ WAVEFORM WITHOUT ARRESTER
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Figure 6: Voltage delivered by ][38 kV cable pulser to a matched load.
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Figure 7: Voltagedeliveredby two 10 meter 138kV cablesin parallel to
a mmtehedload.
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Figure8: Twostage Marxcircuit. CI and C2areeach 10m, 138kV
(Fig1, Ref16) cablesections; RI = 4', 50 kn waterresistors;RL = 100a;

Rh/R/ = 3000 &400/3.11a.

Figure 9: Photograph of the two stage Marx circuit using 10 m, 138 kV cables
for the Marx capacitors.
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2.4 Double Pulse Circuit [81
li

| In order to study the recovery of a surge arrester immediately after a high current pulse, the
o double pulse circuit shown in Figures 11and 12 was developed. This uses the 60 meter 138 kV cable

for the initial, high current pulse. After a controlled time delay (20 microseconds to 2 seconds), the .

second pulse, fi'om the dc-charged, ten meter section of 138 kV cable, is delivered through the

triggered spark gap switch to the an'ester, Voltage and current waveforms for the first and second

pulses are shown in Figures 13 and 14.

!
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10 2, Pulser Development

Figure 12: Photograph of dual pulse system, showing 138 kV reeled cable
for for first pulse on right, spark gaps and divider at center,
and dc supply and second pulse cable on left.
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Figure 13b: First Pulse Voltage Wavetorm. Peek Current: 10.09 kA.
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3, INSTRUMENTATION
r

3,1 Digital Oscilloscopes

The following two oscilloscopes were employed during these tests:

S_c._o_p_g_ Bits Max Sample Rp,tc F,S, Volts Data Transfer

LeCroy 8 1,3 Gs/s ,5 488 (CATALYST)
6880+
6010

Analogic 8 100 Ms/s 7,2 RS-232 (XTALK)
D6000

These oscilloscopes are visible in the special shielding screened enclosure in Figure 15,

3.2 Voltage Dividers

Ali significant voltage data taken during this investigation has been obtained using resistive

dividers, where the high voltage arm is made up of one or more series stages of counter-wound (low

inductance) resistance wire, each stage being 3000 ohms, The low voltage arm is a carbon resistor

with coaxial connector output, Such a divider is visible in Figures 2, 4 and 16, The shortest (3000

ohm) divider has step response of about 30 ns, Calibration of the high and low voltage branches of

these dividers is described in Appendix A,

Occasionally, solid dividers made of conducting materials such as carborundum and liquid

dividers using dilute copper sulfate solution were tried, but only in comparison with the wire-wound

units, A liquid divider is visible in Figure 16,

3.3 Current Transformers

Currents have been measured using the following Pearson wide band current transformers:

110 5,000 A 20 ns

110A 10,000 20

1025 20,000 100

The 1025 CT can be seen in Figures 9 and 16,

3.4 Fiber Optic Data Transmission

A commercial 50 MHz fiber optic data transmission system made by Manage, lhC,, Chicopee,

MA, was used to measurecurrent in to test pieces during cable degradation tests, This system was

required since the pulse injection connection into the cable is at high voltage and so must be
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Figure 15: Photograph of LeCroy digitizer on left and Analogic digitizer
on right, inside screen enclosure.

i,

J

" Figure 16: Arrester test setup, showing wire wound divider on left,
liquid divider on right, and 20000 A current transformer
on floor in arrester ground line.
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electrically isolated from ground, The optical fiber cable provides this isolation, Calibration of this

system, in comparison with directly connecting the CT to the oscilloscope, is described in Appendix

A, The fiber-optic receiver is seen in Figure 17 on top of the D6000 digitizer,

Figure 17: An early data acquisition set up in the screen enclosure, showing
the Analogic digitizer with the Apple computer for data storage
and analysis. The fiber optic receiver is located on top of the
digitizer.

%
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4. DATA ANALYSIS
,q

The following software routines have been used to analyze the data obtained during this study:

4.1 SPICE_ PSPICE

The SPICE circuit simulation program was used to design and better understand the operation

of our cable pulser circuits. Figure 18 shows the simulated circuit, and Figure 19 shows that SPICE

simulations and actual measurements compare very closely to one another.

4.2 EMTP [9, 10]

The EPR1 version of the ElectroMagnetic Transients Program [9, 10], implemented on the

Engineering College VAX computer, has been used in a similar fashion to SPICE to aid in design

andanalysis of our fast pulse circuits. Some representative EMTP calculations show good agreement

with actual pulser waveforms, as presented in Appendix B.

4.3 MATLAB

• The PC-MATLAB (TM) program, purchased flom The Mathworks Co., South Natick, MA, has

been very useful in plotting and analyzing EMTP and experimental data, Some typical examples

, are shown in Appendix C.

4.4 CATALYST

CATALYST is a computer software routine supplied by LeCroy for use with the LeCroy digital

oscilloscope. This program is used to set 'scope parameters, to transfer acquired data to computer

file, and to display and plot the resulting data. Some typical steep-front impulses acquired by the

LeCroy 1.3 Gs/s recorder and plotted using the CATALYST software are shown in Figure 20.



16 4, Data Analysis

Zo=60 B

IMPULSE k9 DRIVEA

GENERATOR

2_0--o_] 2 3 41 2.4uH 1 D 5uH

TLOAD

."]_ n F I Zo=60

I
_ td=42ns

190 DRIVEB

Figure 18: Complete Simulation Circuit for Second-Pass Run.

!
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(b) Repeat of Figure 19a, actual voltage transient.
57 kV/div, 250 ns/div.

" Figure 19: Computer Simulated and Measured Voltage Waveforms of the
Steep-Front Circuit (Node 8).

I
|
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5. EXPANDED RESULTS

5.1 Cable Aging by SFSD Impulses [1-5]

¢ An early objective of this research program was to study the aging of distribution cable by

multiple SFSD impulses. Cable pulsers of the type shown in Figures 1 and 2 were used, Typical

voltage and current waveshapes during cable testing are shown in Figures 21 and 22, The results

of this study are reported in References 1through 5, These results are summarized as follows:

1, The number of consecutive equal impulses required to breakdown a particular cable (kV

rating and manufacturer) decreases as the peak voltage of the impulse increases,

2, Shorter duration impulses cause more rapid degradation to breakdown, for a given peak

voltage,

3, There were no measurable changes in capacitance or dissipation factor which could clearly

be ascribed to increasing number of impulses, even right up to the breakdown shot.

4, Field aged cable appeared to have already lost some impulse withstand capability and

exhibited much more scatter in correlation between peak impulse voltage and number of

shots to breakdown at a voltage,

5.2 Effects of SFSD Impulses on Terminators

Terminators and insulators are critical components in the voltage integrity of any distribution

system, and these devices were therefore also included, along with cables and arresters, in

determining the ability of distribution systems to withstand electromagnetic pulses originating from

nuclear explosions.

Cable pulsers of the form shown in Figure 1 were used for these tests, Typical voltage

waveshapes during insulator and terminator testing are shown in Figure 23, The results of these

terminator tests are listed in Table I. The reader will note from this table that the withstand voltage

for SFSD impulses is much higher than the rated BIL of each unit, but that the failure mode is more

often shattering or puncture rather than a recoverable arc,

5.3 Insulators

Three sets of tests were run to measure the withstand capability of insulators to steep-front

pulses: 1) long duration pulses, 2) short duration pulses, and 3) medium duration pulses with

insulators in a fog chamber,

For the long duration tests, a pulser of the Figure 1 form was used, but without the matching

" termination at the output of the cable. This r._zed the duration of the pulse to hold up longer, as
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Figure 21: Phase II voltage pulses applied at 80%of VBD. Upper, lower-
14 kV/div,750 A/div.

Figure 22: Phase II current pulses applied at 80% of VBD. Upper, lower-
250 ns/div., 750 A/div.
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Tabltz (I_f 5)
, 0Pitioai Flashover ¥oltass (CFO - ten shots)

- Terelnator (potheads)
- .qteel>-rront pulses (60 na x 240 ns)

& (125 ns x 2,0 ns)e

Rated
BIL . CFO Failure mode - voltmze

E-1 15 EV poroelain 110 kV R89 kV
E-2 15 kV poroelain shattered - 330 kV
_E-3 15 kV poroslatn shattered - 330 kV

F-1 15 kY elastieer 95 kV punotured - 297 EV
P-2 15 kV elastiaer 289 kV
F-3 15 kV elast_er 297 kV
F-ll15 kV eZastimr punotuved - 300 kV

|I-1 15 kV heat shrink 110 kV 251 kY
el-2 15 kV heat shrink 202 kV
si-3 15 kV beat s_ink punotured - 230 kV

H-1 25 kV poroeiain 150 kV 397 kV
H-2 25 kV poroelaln shattered - 397 kV

IL-1 15 kV slastimer punotured - 222 kV
eL-2 15 kV elastl=er punotured - 295 kV
mL-3 15 kV elasti=er punotured - 2ti_kV

sH-1 15 kV elastimev 95 kV punotured - 380 kV
eH-1 15 kV elastiNr punotured - _08 kV
e_-I 15 kV elast_er pumotur.td - _02 kV

i

Figure 23: Terminator L-2 Voltage Waveforms for Flashover and Failure Shots.
Top: Flashover, 295 kV peak, 250 ns/div, 35.5 kV/div.
Bottom: Failure, 295 kV peak; Failure: 250 ns/div, 35.5 kV/div.

I
l
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shown in the voltage waveform of Figure 24, In this way, the time-to-flashover was measured as

a function of voltage, for different insudator configurations, as shown in Figure 25, The turn-up of b

these curves at very short times indtca,_testhat the CFO for very short pulses will be considerably

higher than for longer pulses, For flashover times of 500 ns, the SFSD CFO .= 2 to 3 times that of

the standard lightning impulse,

In order to quantify the conclusion of the previous paragraph, the two stage Marx circuit shown

in Figure 26 was used to generate short duration pulses, Note that this circuit uses two ten-meter,

138 kV cables, which, after the Marx gaps fire, are stacked so that the net result is a single ten-meter

cable with double the characteristic impe_tance of either cable, This was switched into a matching

load, giving the very short voltage pulse plotted in Figure 27, This was used to test a 55-2 pin

insulator [21], The SFSD CFO for a 20 ns >x30 ns impulse appears to be in the range 900-950 kV,

compared with 75 kV for a standard 1,2x50, lightning pulse,

The 60 meter, 138 kV cable pulser was _usedto study surface conduction and flashover of wet,

contaminated insulators, The test circuit is diagrammed in Figure 28 and photographed in Figure

29, Figure 30 shows the voltage and current for a dry-clean 55-4 pin insulator, The withstand current

is negligible, flashover current does not appea_runtil flashover occurs, and flashover voltage chops

rapidly andoscillates at the instant of flashover.

In contrast, the current is noted to rise be'.(ore the instant of flashover for wet, contaminated

conditions (Figure 31), and the voltage after flashover is morestrongly damped,

5,4 Arrester Response to SFSD Impulses b

Three types Of SFSD tests were performed on arresters:

1. Rise time and discharge voltage for a variety of MOV and SiC arresters, using single

steep-front pulses.

2. Transition from capacitive to resistive behavior at lower currents, using single steep-

front pulses.

3. Recovery of protective characteristics immediately following a high current steep-fl'ont

pulse, using a delayed second probing pulse.

5.4.1 Response of Arresters to Steep-Front Pulses [4, 7]

The attester tests presented in Reference 4 employed a cable pulser in which the cable consisted

of two parallel 35 kV power cables, each 10,7 m long. This generated the cun'ent and voltage waves

shown in Figure 32. The duration of the current is about 250 ns, and the voltage pulse, which

responds primarily to the inductance of the circuit, is about 125 ns long.



5, Expanded Results 23

Figure 24: A typical voltage waveshape during insulator testing, 250 ns/div,
73.2 kV/div. Note the long "tail" time after the SFSD front portion
of the pulse.

I800

I00

, 0-- I i , _ j

0 0.5 1 1,5 2. 2.5 3

Ti_Inl to F]IIho_er-ul

Figure 25: Plot of time to flashover vs. peak pulse voltage for one, two and three
" 4-1/4" x 6--1/4" suspension insulators.
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Figure 26: Two stage Marx circuit. Cl and C2 are each 10 m, 138 kV
cable sections; RI - 4', 50 kCzwater resistors;
Rh/R/ = 3000 + 400/3.11fi.
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Figure 28: Circuit to Test Insulators in Fog Chamber.

Figure 29: Photograph of test facility with fog chamber to study SFSD
response of wet, contaminated insulators.
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Figure 30: Flashover and Withstand Voltage Under Dry-Clean Conditions.
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Figure 31: Flashover and Withstand V,I Under Contaminated Conditions.
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Inthe Reference 7 tests, the cable used in the pulser was an 80 m section of 138kV transmission

cable, Thts allowed more reliable high voltage operation andlonger pulse time, Typical voltage and

current waveshapes are shown in Figures 33 and 34, The voltage still exhibits an inductive spike

during the steeply rising portion of the current wave, but then settles to a "residual" voltage, which

' is representative of the prot_zttve (resistive) behavior of the arrester,

In order to explore the rate atwhichthe attester MOVmaterialwas respondingto the steep-front

input pulse, an aluminum tube was substituted for the arrester,and the voltage across this tube was

then subtracted from the voltage measuredacross the arrester, This would thenremove the inductive

portion of the aaTestervoltage waveshape and leave the resistive portion, which is shown in Figure

35, As reported in Reference 7, the arrester MOVblock resistance rises in about 60 ns, only slightly

slower than the current pulse,

Even with the arresterinductivevoltage removed;noise prevents aclear,quantitativeevaluation
of the MOV material behavior, The MATLABsoftwareis used to remove this noise ft'orethe current

and residual voltage waveforms [12], After this is done, the peak voltages and rates of change of

current at peak voltage can be accurately measured, The resulting plot (from Reference 12) is sown

as Figure 36, Although the slopes of the MOV and SlC lines are approximately the same as the

aluminum tube slope, the residualvoltage (at zerodi/dt) of the SiC device is higher than the residual

voltage of the MOV arrester,

,I

Figure 32: Typical MOV arrester voltage (top) and current waveshapes,
24 inches total arrester lead length, 125 ns/div, 14.2 kV/div,
1.20 kA/div, 66.4 kV peak, 4.2 kA peak.

I
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Figure 33: Current waveshapes for the 9 kV MOV arrester at approximately
5 and 20 kA peak.
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Figure 34: MOV arrester voltages during the 5 kA and 20 kA current pulses
shown in Figure 33.
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Figure 35: Aluminum tube voltage (extrapolated to 5 kA equivalent peak

current subtracted from the 5 _ MOV voltage pulse in
Figure 34.
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5.4.2 Transition of Arresters From Capacitive to Resistive Behavior During

Steep-Front Pulses [11] "

In order to fully understand the behavior of MOV arresters during steep-front events, it is

important to identify their response during low as well as high current impulses. The tests which

are described in Reference 13 had this objective. The same 138 kV cable pulser circuit was used as

in the Section 8.1 tests, except that the cable was now only 60 m long.

Testing involved six MOV arresters, rated 9, 10, 15 and 21 kV, from three manufacturers. Pulse

voltages were varied from low levels, where only capacitive current flowed, up to high enough

voltages so that the resistive component of current dominated. Figures 2, 3 and 4 of Reference 13

show typical voltages and currents from low to high current levels.

These figures show that the voltage has a nearly rectangular wave shape, with a steepl3,-rising

front and end. The current exhibits several interesting characteristics:

1. In a certain percentage of cases, for all arresters tested, the start of current flow waz delayed

for _ period of time after the application of voltage, as seen in Figure 37.

2. There,,is always an initial spike of current, caused by the capacitive arrester reacting to the

large dv/dt of the front end of the voltage wave.
,(

. 3. The conductive current always shows a finite (exponential) rate of rise, as if it were flowing

into an inductive circuit. This is probably due to the fact that the arrester circuit does have

finite inductance, and also possibly influenced by finite growth time for the MOV material

to convert from dielectric to conductive.

The decrease in capacitance with increasing pulse voltage also suggests that the MOV junction

regions are widening.

Figure 37: Arrester Voltage and Current x
Top: Current, 632 A/Div
Bottom: Voltage, 33.4 kV/Div
Time: 2ft0 n_;/Div

i 10 kV Arrester.

l
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5.4.3 Recovery of Arrester Protective Characteristics After a Steep-Front Pulse [8]

Lightning and switching activity often generate multiple, closely spaced surges. Modine and

Wheeler [11] have shown that low voltage MOV varistors have a memory characteristic which can

reduce the voltage clamping ability of the unit after an operation, lt is therefore important to

investigate whether such a process is active and reducing arrester performance in high voltage power

arresters. To answer this question, the double pulse circuit shown in Figure 11 was developed. One

cable pulser section of this circuit generates the high voltage, high current pulse used in single pulse

tests. A second cable pulser, charged by the dc supply, is triggered a controlled time delay after the

first pulse. This second pulse delivers current pulses of over a kiloampere and so will give a good

indication of the arrester's electrical condition at the chosen delay time. Delays from 20

microseconds to two seconds can be achieved.

Figure 38 shows that, after about .6 milliseconds, the arrester responds as if there had not been

a first pulse ("manual"), but at 80 microseconds, the discharge voltage is actually slightly lower.

This would indicate that the surge protection is slightly better, but that the arrester is liable to pass

higher ac power current.

CURRENTVOLTAGECURVEFORDIFFERENTTildeDELAYS
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o,;,
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Figure 38: Second Pulse Current-Voltage Characteristics for Four Different Time
' Delays, First Pulse = 2.71 kA.
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APPENDIX A

m

Accuracy Evaluation and Calibration
I

of Impulse Measurement 'Fools*

Before any experimental testing can be attempted, an evaluation of the tools to be used for

detecting and measuring experimental data must be made, This was especially important in the

acquisition of the data presented in this report. The experimental procedures involve sensing very

intricate and subtle changes, and the instruments must be as accurate as possible to have any faith

in the acquired results. For this reason, a fairly in-depth presentation of the calibration procedures

of all measurement tools used is presented in this chapter. Although these tests were time consuming,

it was felt that they were necessary in order to provide quality results.

Before presenting the calibration procedures and results, a list of the measurement and sensing

.- tools used is given below. The items used were:

| 1. Westinghouse 6000ff2 oil-filled resistive voltage divider

2. 3.44_ resistive low voltage shunt

3. 50f2 terminations

4. Pearson model 110 precision current transformer

5. Fiber-optic transmitter/cable/receiver isolation system

6. 20dB, 10dB, and 6dB 50f2 attenuators

7. Biddle Capacitance and Dissipation Factor Bridge

The calibration test procedures and results for ali of the instruments listed above are now presented

in the order iHwhich they appear.

" * Based on Reference [1]

I 33
|
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Westin_hou se Divider

The Westinghouse voltage divider had to be evaluated in two aspects. First of all, the division T,

ratio of the divider, using the 3.44 ohm low voltage shunt, had to be verified. Also, the unit step

response of the divider had to be measured, since it was needed to measure the steeply rising

waveforms of the simulation circuits,

The divider ratio was calibrated by use of the sphere gap calibration method. This test basically

involved the circuit shown in Figure A. 1. The impulse generator was set at five stages, giving an
,,

equivalent internal impedance of 50 nF capacitance and 200 ohm resistance. The 6000 ohm divider

actually consists of two 3000 ohm pieces connected in series. The 50 cm sphere gaps were set at 10

cm spacing according to the given test procedure. First of all, the atmospheric CO_Tectionfactor was

calculated from the conditions given above and is shown following Figure A. 1.

The flashover voltage of 50 cm spheres spaced 10cm apart at standard temperature and pressure

is given as 263 kV. Applying the correction factor calculated previously gives:

V = KdVo = .99 (263) = 260kV. lP

According to IEEE Std #4, at this corrected critical flashover voltage, the applied voltage to the

divider was 260 kV when subjected to a standard 1.2x50 microsecond impulse. The test results are

shown in Figure A.2.

lt

The waveforms shown in Figure A.2 contain two flashovers and two withstands, and this was

considered to be the critical flashover voltage. These shots were taken on the Tektronix 507

oscilloscope, and converting this data into an actual voltage value is shown in the following

calculation:

Divider ratio = 304 + 3003 + 3. 305 = 1898.7
3. 3051175

4

Voltage = (2.2 div) (50 V/,tiv.) (1898.7) = 261 1 kl/
• 8 ' I,.
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IMPULSE

GENERATOR

I
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A sample experimental unit step response and response time is shown in Figure A.3, The circutt used

• to measure the unit step response, which conforms to the procedure outlined in IEEE Std. #4, is

shown in Figure A,4, The Haefly 90 volt step generator was used to provide the input step. lt is rated
ii

at a 5 nanosecond rise time, The Tektronix 555 dual trace oscilloscope was used :o measure both

the input and response. Two 75 ohm resistances were placed at the scope to provide matching to the

input cables, The 400 ohm resistance was placed in the circuit in order to provide matching to the

overhead line. The recorded data is shown in Figure A,5,

By investigating the data, the step response was observed to be about 100 nanoseconds.

However, the input step rise was about 40 nanoseconds. If an approximation correction is made:

Resl,(,t_se Actual [(100) 2 (40)2] l/z
- - - 92 m' .

This value is the more accurate step response, The actual step response of the divider is most likely

faster than this, as indicated by the test data presented later. This is acceptable since the test circuit

is quite different from the measurement circuit shown here.

T° (RESPONE INPUT (IDEAL)

PUT

,

Figure A.3: Experimental Unit Step Response
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b llm

b I
I

400 ohm V 1

HAEFLY I I 3m
STEP D I
GENERATOR ------

7 TRONT

_555 ] 75 ohm 3. ohm

Eigu.cc_A_: Step Response Measurement Circuit

F_Jgur_c.A_: Step Response Data - 100 ns/div.
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" 3,44_ Resistive Low Voltage Stuut,t/50_ _ TermlnntioRs_

" The low voltage shunt used throughout testing was a 3,44 ohm resistive shunt, To check the

accuracy of this value, the MSU Automated Network Analyzer was used, This apparatus will

measure the s'parameters of an attenuator or termination and print out the results for a range of

frequencies, The measurements for ali of the attenuators used,as well as the terminations, were made

by Dr, Jim Akers, The 3,44 ohm shunt was measured using a 50 ohm reference impedance, The value

of the data at 5 MHz was used since this was the closest frequency to the frequency of the impulses

used during testing, The calculation of the actual shunt resistance is shown below:

.P = voltage reflet'liot2 coeJfit'iettt = Z- ZOZ+ZO

Z = 5012 (referetwe impedance)

Rcarrangillg tilt equation yields,

Z 1 +P
ZO I - P

" P = ,876 (from data givcl_ in Appcl_dix A, Sl 1)

5._..Q.O= 1 + ,876 = ZO = 3,3049ohms
" ZO I - . 876

The three 50 ohm matching terminations used were also measured, and their actual impedances were

calculated in the same manner as the 3,44 ohm termination shown above, The s-parameters of these

terminations labeled 13, 14 and 15, aa'ealso shown in Appendix A, and the resulting impedances are

tabulated in Table A, 1 for comparison,

Termination Given Impedance .... Actual Impedance Percen&_l_c_o_r.

S 1 3,44 rf2 3,3049 rf2 4,1

13 50 _2 49,6 rf2 .,81

14 50 Q 48,81 _2 2,44

, 15 50 _2 49,5 _2 1,01

"' __b!¢.A,_!: Summary of Termination Calibrations
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The three 50 ohm terminations were used for matching ot' the Pearson current transformer, the fiber

optic system, and the RG-8 coaxial voltage measurement cable, These terminations were very close

to their given values; however, the low voltage shunt showed a significant error which gave a notable I,

change in the divider ratio,

Pearson CT/Fiber Optic _.vstem Calibration

The next measuring tool evaluated was the current measuring system, This system was actually

made up ot' several components', the Pearson current-transformer, the fiber optic isolation system,

50 ohm attenuators, and the 50 ohm terminations mentioned previously, The calibration of the

attenuators is explained later so the current transformer and fiber optic system will be concentrated

on here,

The calibration process was performed by a comparative method, Two Pearson 110

current-transformers were connected in the circuit shown in Figure A,6, One CT signal was fed into

a RG-8 coaxial cable, and the other was fed into the fiber optic system, Both of these signals were

examined on the Data 6000 digital oscilloscope for several impulse shots at different voltages. The

data taken was examined and calculations were made to determine the accuracy of the system, The

attenuator multipliers used were the actual values that were calculated on the s-parameter analyzer,

Impulse voltage shots were applied at generator charging voltages of 500 kV and 250 kV, The

currents through the fiber optic system and the coaxial cable are shown in Figure A,7 for a 250 kV

input voltage, and a sample of the 250 kV voltage waveform is shown in Figure A,8. The top current

waveform was through the fiber optic system, and the bottom waveform was through the coaxial

cable.

The current measured via the coaxial cable was 1150 A, Using the measured voltage of 119 kV,

and the known circuit resistance of 120 ohms, the current is estimated at 119 x 103/120 = 993 A, so

this value is reasonable.

The fiber optic multiplier was calculated in two ways. First, using the calculated current fi'om
(

the coaxial cable circuit, the fiber optic multiplie r was calculated, Secondly, the two current

waveforms were integrated, as shown in Figure A,9, and their integral values were "
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" IMPULSE

GENERATOR VOLTAGE
1 ,b-"" DIVIDER
1

' l0 ohm l 6000 ohm

i 120 ohm 50 ohm

TAIL 3 44 ohm COAX
I RESISTOR '

RG
"___ 8/u r ATTEN.

Sn_ I _I DATA

I

50 ohm XMTR

COAX 50m RCVR _

ATTEN, F.O.
CABLE

FJguL_A,6: Fiber Optic System/Pearson CT Calibration Circuit
m

l}

_: Calibration Currents Taken at 250 kV Input Voltage. 500 ns/div.
Trace !: 51.94 x FOC multiplier A/div.
Tr__2: 402 A/div.
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li'igp__rc_A,_8:Voltage Waveform at 250 kV Charge Voltage,
51111ns/div,, 19,1 kV/div,

e

W

E[gu_rg_A,_9_:Integration of Current Shots Taken at
250 kV Charge Voltage,

i



,, L

Appendix 43

used to calculate the fiber optic system gain. These two calculations are shown below for

- comparison.

11
Current through coaxial cable = 1150 A

Current through fiber optic system = (2.33 div) (51.94 A/div.)
(FOC multiplier)

1150
Multiplier= [(2. 3272) (51.94)]

Integral of coaxial cable current - 2.51 uVs + (40.96 uV) (.032 s)
= (3.81 uVs) (2) (10) (80.35)
= 6,14 mC

Integral of FOC current = 2.59 uVs + (40.96 uV) (.01 s)
= (3.008 uVs) (2) (10) (10.39)

(FOC mult)
= .6249 mC x FOC multiplier

6. 14 = 9.82Multiplier = . 6249

" Also, the accuracy of the Pearson CT can be checked. The recovered charge from the integral

calculation above is 6.14 mC. The initial generator charge is easily calculated by:

q,--CV
q=(25x 109) (?.COx103) - 6.25 mC
percent error = 1.76%

Similar calculations were done for the shots taken at 500 kV inpl, t voltage. The current shots

and integrations of these currents are shown in Figures A. 10 and A. 11, respectively. The results of

these calculations and the ones shown previously are summarized in Table A.2 below.

Coax FOC Coax FOC Input %
Current Molt, Charge Muir, Charge Error

1150 A 9.51 6.1382 mC 9.82 6.25 mC 1.79%

, 2316 A 8.92 12.35 mC 9.182 12.5 mC 1.2%

" _TabJc_A,2: Results of Fiber Optic Calibration and Pearson CT Calibratior.
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lr

Figure A,10: Calibration Currents Taken at 500 kV Input Voltage. 500 ns/div.

Trace 1:157.21 x FOC Multiplier A/div.
Trace 2:778 A/div. (.25 V/div)

a

Fi_gure_A,!_!: Integration of' Current Shots Taken at 500 kV Charge Voltage

,,,I,_l_ qtq
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From the data shown above, several conclusions can be drawn, First of all, by examining the

recovered charge from the measured coaxial current, the Pearson CT showed a high degree of

accuracy with more than 98% of the input charge recovered. Secondly, it is obvious that the

calculated fiber optic system gain from the data above shows some variations. For the 250 kV test

data, the fiber optic system multiplier was found to be 9.51 from the current calculation and 9.82 from

the current integration calculation. For the 500 kV test data, the fiber optic system multiplier was

found to be 8.92 from the current calculation and 9.182 from the current integration calculation.

However, even though these variations seem significant, they can be attributed to minor

measurement errors. A slight calculation error of the measured current could cause such variations.

Also, since these values average at about 9.4, this system gain could be used and reasonable accuracy

could be expected.

Attenuator Calibration

. The attenuators used during testing were calibrated basically the same way as the 50 ohm

matching terminations. Again, the MSU Automated Network Analyzer was employed to measure
,¢

the s-parameters of the attenuators, and this was done for each of the attenuators used in the testing

procedure. The data printouts of these attenuators are also given in Appendix A. To give a summary,

Table A.3 gives the actual values of attenuation obtained as well as the given value and attenuator

number. Once these measurements were made, the actual attenuator multipliers were used

throughout testing.

Given Actual Percent

. Attenuator Value (dB) Value (dB) Error

#4 20 19.46 2.8
#5 3 2,75 9.1

#6 6 5,75 4.35

#7 10 9.61 4.1
#9 20 20.33 1.62

' #12 20 18.65 7.24

" Ta.N_.A,3: Results of Attenuator Calibration

,, r/f
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Biddle Bridge
,t

Last, the Biddle Capacitance and Dissipation Factor Bridge was calibrated. To accomplish this, _,

the Hartmann and Braun Standard gas capacitor, serial number 6712832, was considered a constant

and measured by the Biddle Bridge. The bridge has several measuring circuits, and the UST-3 circuit

was used here and throughout testing, This circuit is shown in Figure A. 12. The standard capacitor

was connected as the specimen in the figure shown below.

The results of the measurement are shown in Table A.4 below. The Biddle Bridge gave good

measurements, although it is not precise enough to measure the extremely low dissipation factor of

the standard capacitor.

Hartmann & Braun Capacitor Biddle Bridge Percent
Standards Measurements Error

C=49.57 pF @20°C C=50,34 pF @23°C and gas 1.6%
and gas fill of 14 kp/cm 2 fill of 14.3 kp/cm 2

DF = .000001 DF < ,0(3001

(measurement limit of bridge)

Table A.4: Biddle Bridge Calibration Results

The above and ali measurements were made at 8600 volts, the approximate line-to-neutral

voltage of the cable used during testing.
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CxH
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_: Biddle Bridge Measurement Circuit (UST-3)'
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APPENDIX B

EMTP SIMULATION OF TIlE STEEP-FRONT CIRCUIT

I1. B. Fan, Visiting Scientist

Figure B, 1shows the whole circuit for EMTP simulation, This includes the steep-front circuit
used for cable test and the divider equivalent circuit, Figures B,2 and B,3 show the simulated voltage
waveforms at node and node 10, Figures B,4 and B.5 show the measured voltage waveforms at node
4 and node i0, respectively.

Values for specific circuit elements such as resistors, capacitors and transmission cable are
known, Values for stray elements such a_sinductance and capacitance are calculated or chosen to be
reasonable, Good agreement between measured (Figures B,4 and B,5) and calculated (Figures B,2
and B,3) values shows that the chosen values must be reasonably valid, The calculated divider rise
time (Figure 3) also agrees well with the measured rise time,
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