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Effect of Shielded Distribution Cable on Very Fast
Transients

Li-Ming Zhou and Steven Boggé$ellow, IEEE

Abstract—Fast transients in power systems can be generated by into the cable, the risetime has generally lengthened to no less
switching of vacuum and Sk insulated devices as well as by solid than 10 ns.
state devices such as those used in variable speed drives. Transients
with ns risetimes can be generated which, in a cable-connected
system, propagate down the cable to inductive devices such as mo-
tors and transformers. In general, the amplitude of such surges is

not out of the ordinary; however, the very short risetime can cause . . .
unacceptable voltages across the first turn of an inductive device. A The theory of high frequency loss in shielded power cables

cable with high frequency loss does not generally decrease the am-ha?S been examined in_detail [1]—[3]= [_8] and resu_lts from two
plitude of such surges appreciably but can lengthen the risetime primary sources. The first, which applies to all shielded power
substantially by absorbing high frequency energy from the surge. cables, is the loss in the semicons caused by conduction of the
This reduces the voltage across the first turn of inductive devices 54l displacement current through the resistance of the inner

and thereby protects them from damage and failure caused by such . : . .
surges. In the present contribution, we quantify the high frequency and outer semicons. If we consider the dielectric to be lossless,

losses and effect thereof on very fast transients for four types of WhiCh_ is a good f':lpproximatio.n fo.r “pure” XLPE, then the di-
shielded, 15 kV distribution cable, three made from various EPR electric can be viewed as a high impedance (as a result of the

Il. HIGH FREQUENCY L 0SS INPOWER CABLE

compounds and one made from TR-XLPE. relatively small capacitance per unit length across it relative to
that of the semicons) which determines the current through the
I. INTRODUCTION semicons. In the MHz range, the semiconducting layers gener-

HE AMPLITUDE of fast transients generated byally have a large dielectric constant (in the range of 100—1000
T switching of devices such as vacuum interrupterss SE' more) along with a substantial resistance. The loss in the

interrupters, and solid state switching devices used in variafSgMicons is maximized when the resistive impedance equals
speed drives is usually well below the system BIL, whickhe cap_ac_|t|ve |mp9dance at the frequency of interest [4]._Thus
means that surge protective devices such as ZnO arresters {fifinaximize the high frequency loss caused by the semicons,
have little effect on such surges. However, the risetime of sultf dielectric constant of the semiconducting layers would be
transients can be so short that the propagation time around T8imized while the conductivity of the semicons would be
first turn of an inductive device is of the same order as the surgBlimized so that conductivity is approximately equal to the
risetime, which results in a substantial portion of the surg¥oduct of the radial frequency times the absolute dielec-
voltage appearing across the first turn of a motor or transformB{C constant in the frequency range of interest. The loss in the

This can cause progressive degradation and eventual failur&®ficon reduces away from this optimum in all directions, i.e.,
the insulation if the semicon dielectric constant increases or decreases, or if the

In the present contribution, we quantify the influence gi€micon conductivity increases or decreases from the optimum.

various types of shielded distribution cables on the nonlinear' N high frequency loss of cable dielectrics other than “pure”
voltage distribution in motors and transformers. Such cablg4PE mustbe considered. However these losses, and the phase
have substantial high frequency loss caused by the semicR¥t they cause in the current through the semicons, is so small
and dielectric. Such high frequency loss lengthens the risetiffi@t the 10ss in the semicons and the loss in the dielectric are
of a fast transient which propagates down the cable. Thus §{B1Ply additive under all conditions of technical interest [4].
severity of the surge presented to an inductive device suchg¥!s the loss of a cable can be predicted by measuring the di-
a motor or transformer decreases as a function of the dista§tgctric properties of the dielectric and the dielectric properties
and type of cable through which the surge propagates. of the semicons over the frequency range of interest and in-

The frequency range of interest corresponds to risetimes fr&®fting these data into an electrical model for the cable. This
about 10 ns to L, i.e., 30 MHz to about 300 kHz, respectively.has been done with good agreement to the measured loss of the

While vacuum and SFinterrupters can generate transients wefiable-

below 10 ns risetime, by the time such transients are coupled/Ve should note that the loss of properly functioning semicons
is always negligible at power frequency, and optimization of loss

. . at high frequency has no impact on the power frequency loss of
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Fig. 2. Measured fraction of voltage across the first turn of a motor as a
. . . . function of waveform risetime as measured by two researchers [5], [6], [9],
Fig. 1. High frequency attenuation of four types of shielded power cablel Rng with a curve fit to the data which is used in later analysis. The data taken

three cables made with different EPR dielectrics and one cable made different researchers on different motors are in good agreement. For risetime
TR-XLPE. Note the substantial differences in attenuation of the various cab S< than 500 ns. the voltage across the first increases rapidly.

over the frequency range of interest.

for power frequency loss. The high frequency and power fr 80 - : — — -
guency loss of a cable or cable dielectric need not be correlat ® ‘
Thus a cable might be developed which has very large high fi
guency loss without increased loss at power frequency.

The high frequency loss of four types of 15 kV class shieldeg o S
power cables was measured using an HP 4191 A high frequeis :
impedance analyzer in the range from 1 MHz to 50 MHz and® . 50
GR bridge at lower frequencies. Fig. 1 shows the measured h g
frequency loss of the four cable types. Note that the attenuat’=  ,, -
of the cable types differs by nearly a factor of four from the mo:

® 50 kVA Transformer [Burrage et al., 1987] -
& 75 kVA Transformer [Burrage et al., 1987]
— Fitto A exp[(B/(t + C)] :
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[ll. V OLTAGE DISTRIBUTION IN INDUCTIVE DEVICES ol e
When a fast transient impinges on an inductive device su - 0.0 0.2 0.4 06 08 1.0 1.2
as a motor or transformer, the transient propagates down - Risetime (s)

winding, which can be viewed, in one approximation, as atrans-

mission line. If the risetime of the transient is less than the prop9: 3: Measured fraction of voltage across the top 10% of a transformer
. . ! . - . inding for two different transformers [7], along with a curve fit to the data

agation time around the first turn of the inductive device, thgnich is used in later analysis.

full voltage of the transient can appear across the first turn. The

\{oltage which agtuall_y appears across the _f|rsF turn IS a fu_ng'function of distance propagated in the cable. A short risetime
tion of the transient risetime, decreasing with increasing ris

. . . ) NSfplies substantial energy at high fre uencies, and if such en-
time until, beyond some risetime, the voltage across the windi P 9y g d

hes its low f desian distribution. Fias. 2 y is absorbed from the waveform, the risetime must become
approaches its low frequency design distribution. Figs. 2 ang; ger. Obviously, the greater the high frequency cable loss, the

show data:or measured voltag_e across the f|r_st turn of a mo Bater the effectiveness in lengthening the waveform risetime
and top 10% of a Fransformerwyndmg as compﬂgd from seve the less length of cable required to achieve a given minimum
sources, along with equations fit to the data which are usedrlg :

. o etime
the analysis below. These data indicate that the voltage acros

o . X Eigs. 4-7 show 3-D plots of the 10-90% pulse output rise-
the top of the winding increases rapidly as the waveform MSfime as a function of input risetime and cable length through
time becomes shorter but approaches a “normal,” low freque

s o ) NGhich the pulse has propagated. The general shape of these 3-D
distribution for ”Se“”?es ange_r than abou.s, which corre- plots requires some explanation for which we will refer to Fig. 5
sponds roughly to a I_|ghtn|r_19 |mpL_JIse_ o . which corresponds to EPR2, the cable with the greatest high fre-

Thus to protect an inductive device from SW|t§:h|ng transien ency attenuation. We will first explain the shape of the output
we do not ”Or'.””a"y need to .dec'rease the ampll_tude of the U3%etime as a function of cable length for short input risetime,
sient but only increase the risetime of the transient. the minimum for which is 10 ns on these plots. The output rise-
time results from the superposition of two effestz,, the input
risetime and the lengthening of the input risetime caused by

As noted above, the high frequency loss in the cable causles attenuation of the cable. For simple 1-pole (6 dB/octave)
the risetime of a wave propagating down the cable to lengthenféters, the input risetime, and the output risetime of the filter

IV. IMPACT OF CABLE LOSS ONWAVEFORM RISETIME
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Fig. 4. 10-90% pulse output risetime as a function of pulse input risetime aht@- 6. 10-90% pulse output risetime as a function of pulse input risetime and
the length of cable through which the pulse has propagated for EPR1. the length of cable through which the pulse has propagated for EPR3.

Output Risetime (11s)
Output Risetime (ns)

Fig. 7.  10-90% pulse output risetime as a function of pulse input risetime and

Fig.5. 10-90% pulse output risetime as a function of pulse input risetime atht length of cable through which the pulse has propagated for TR-XLPE.
the length of cable through which the pulse has propagated for EPR2.

the resulting overall risetime does not differ appreciably from
for a perfect stepwave input, add as the root mean squarethe input risetime until the cable length is about 50 m for EPR2.

other words, if we take a 7 ns risetime waveform and obserBeyond 50 m, the “cable risetime” increasingly dominates the
it with an oscilloscope which has a 5 ns risetime, we will olsverall risetime, as we can see from the “flat” region in the di-
serve a risetime of 8.6 ns [sdff(+ 52)] on the oscilloscope. rection of increasing input risetime, which indicates that over
The input waveform and cable attenuation represent an andlus limited range (the flat region), the output risetime is essen-
gous situation except that the “filter” represented by the caliially independent of the input risetime. We note the concave
is not a simple 1-pole filter so that the above rule for computirghape of the output risetime vs cable length which indicates that
the output risetime becomes an approximation. Still, it providéise output risetime lengthens less than linearly with distance
us with a conceptual basis for understanding what is going @ropagated through the cable. This is the result of frequency
Thus for very short cable lengths, the risetime of the cable (i.dgpendent attenuation of the cable. As seen in Fig. 1, the cable
the output risetime for a perfect step wave into the cable) is swditenuation is frequency-dependent, increasing roughly linearly
stantially less than the minimum input risetime of 10 ns, so thadth frequency. Thus as a transient propagates down the cable,
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Fig. 8. \Voltage across the first turn of a motor as a function of cable inpgtg. 10. \oltage across the first turn of a motor as a function of cable input
transient risetime and cable length for cable EPR1.

transient risetime and cable length for cable EPR3.
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Voltage Across First Tum (%)

Fig. 9. \oltage across the first turn of a motor as a function of cable inp..
transient risetime and cable length for cable EPR2.

Fig. 11. \oltage across the first turn of a motor as a function of cable input
) ] ) transient risetime and cable length for cable TR-XLPE.
the highest frequencies are attenuated more rapidly than lower

frequencies and are effectively “lost” from the waveform. Th : I D
o i . . r short input risetimes), and the output risetime increases to

remaining frequencies are attenuated less rapidly which resulfs : A L

. . . o s about 1.54s for an input risetime of 1is, which is close to the

in less than linear lengthening of the risetime with distance prop-,

agated through the cable. '

41445 which would be expected from the root mean square.
If we now consider the output risetime as a function of input

risetime, at zero cable length the two are, of course, the same. V. FIRST TURN MOTOR VOLTAGE VS CABLE LENGTH

For very large input risetimes, the cable has only a modest effecFigs. 8—-11 show the voltage across the first turn of a motor
on the waveform risetime as a function of distance propagated,a function of input transient risetime and cable length for the
as the attenuation at the (low) frequencies corresponding to st types of cables based on the data of Fig. 2. As would be
a long risetime is not very great. For a very long cable lengtaxpected from the attenuation data of Figs. 4-7, EPR2 reduces
the minimum risetime becomes large and constant as a functtbhe surge magnitude across the first turn most quickly as a result
of input risetime until the input risetime becomes comparabté having substantially greater high frequency attenuation than
to the cable risetime. At 250 m, the cable risetime is abqug 1 the other cables. Seventy-five (75) meters of EPR2 reduce the
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Fig. 12. \oltage across the top 10% of a transformer winding as a functionf@iy. 14. Voltage across the top 10% of a transformer winding as a function of
cable input transient risetime and cable length for EPR1.

cable input transient risetime and cable length for EPR3.
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Fig. 13. Voltage across the top 10% of a transformer winding as a functionpig. 15. \oltage across the top 10% of a transformer winding as a function of
cable input transient risetime and cable length for EPR2.

cable input transient risetime and cable length for TR-XLPE.

ﬁoltigfsi(ti_rmozs ;hS% fgzsgiuégg)lngfggﬂ?a!e\l/gIsgor;an%g:bé?cable length with only 75 m required to reduce substantially
Input risetime. . . wou qu! Re overvoltage, as compared to 250 m for EPR1 or EPR3, and
effect a similar reduction or in the range of 400 m TR-XLPE 145 1 of TR- XLPE. Thus again, the effect of fast tran-
Thus modest lengths of cablle can be very effective in IImItIngents can be eliminated through modest lengths of cable which
the voltage drop across the first turn of a motor caused by very. relatively large high frequency attenuation

fas_t transients_ as_genera_ted by vacuum Q;rﬁdﬂtchgear or by Figs. 16 and 17 summarize the data for mbtors and trans-
solid state switching devices in variable speed drives. formers based on reasonable worst cases for the two situations
from the literature. Of course, the transient which can be gen-

erated by switching phenomena should not depend on whether
Figs. 12-15 show the voltage across the top 10% of a tramasmotor or transformer is connected to the system, so that both

former winding as a function of cable input risetime and cabkurges should be plausible worst cases for either a transformer
length. Again and as expected, cable EPR2 reduces the voltagenotor. In both cases, we see that the length for diminishing
across the top 10% of the winding most quickly as a functiaeturns of EPR2 is in the range of 100 m while that for EPR1

VI. TRANSFORMERVOLTAGE VS CABLE LENGTH
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cable length for a 15 ns, 4.9 pu surge into the cable which is a reasonable wc 00 04 02 03. 04 05 06 07 08 09
case based on field measurements [6]. ’ ’ ) g ’ : ) ’ : :
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and EPR3 is in the range of 350 m, at least for the transformFer 19, Probability density distribui ble lenath of TRAXLPE |

_ H : H 1g. . robability density distribution vs cable length o — or
Cas?' TR-XLPE has relatively little attenu,atlon' measured worst case transient magnitude and risetime distribution for typical

Figs. 18 and 19 show the effect of various lengths of EPRztor installations [5], [9].

and TR—XLPE cable on the probability density distribution (i.e.,
the area under the curve is norma_lhzed o unity) of fast U preferable to high loss, all other characteristics being the
sient induced voltages across the first turn of a motor based Jﬁm However, loss at high frequencies can be a very positive
measurgd d|§tr|putlon of largest transient magnltud(_es (and CBlfribute in that such loss can protect industrial plant and utility
responding risetimes) measured at various motor installatio

) er system components from the detrimental effects of
[51, [9]. 100. m of EPR2 cable reduces the maximum vplta ry fast transients generated by switching devices and power
across the first turn from about 0.9 pu to about 0.55 pu (Fig. 1

. . > ectronics. In present cables, high and low frequency loss tend
while a similar length of TR-XLPE cable reduces the MaXIMUFY he correlated to some degree; however, this correlation is not

voltage from 0.9puto 0.8 pu (Fig. 19). Thus the high frequen?qndamental, and design of a shielded power cable which has
attenuation of the cable has a substantial effect on the surge Vf%\}ge high frequency loss without increased power frequency

ages to which the motor winding is subjected during normal S80<s is within the realm of possibility
vice. )

In the present contribution, we have quantified the effect
of presently available cables on high frequency transients and
found that the loss of such cables varies widely. While the high

Attenuation or loss in power cables is generally seen &squency loss of power cables is not a specified characteristic,
a “bad” attribute, and clearly low loss at power frequencye feel confident that the loss characteristics of the higher loss

VII. CONCLUSIONS



ZHOU AND BOGGS: SHIELDED DISTRIBUTION CABLE 863

cables is dominated by the dielectric rather than the semicongs] “Surge attenuating cable,” U.S. Patent 4 687 882.
and should therefore be a characteristic of any cable made with¢! S- A. Boggs, A. Pathak, and P. Walker, “Partial discharge XXII: high

. . . frequency attenuation in shielded solid dielectric power cable and impli-
that dielectric. The h'gh frequency loss of lower loss cables cations thereof for PD location|EEE Electrical Insulation Mag.vol.

may not be so well defined, as such loss may be dominated 12, pp. 9-16, Jan./Feb. 1996.

by the semicons, which are not well specified for conductivity (5] B: K. Gupta, B. A. Lioyd, G. C. Stone, D. K. Sharma, and N. E. Nilson,
d dielectri tant. both of which could vary with cable Turn insulation capability of large AC motors—Part 1: surge moni-
an Ielectric constant, bo y toring,” IEEE Trans, vol. EC-2, no. 4, pp. 658-665, 1987.

manufacturing conditions, moisture, temperature, etc. Of[6] K. J. Cornick and A. M. Kunji, “Nanosecond switching transients
course, full characterization of the higher loss cables should  recorded in a mining transformer installatiof?EE Trans, vol. PD-8,

. . no. 3, pp. 1130-1137, 1993.
also include measurement of the loss vs temperature, and whilg; | "\ Burrage, E. F. Veverka, and B. W. McConnell, “Steep front short

the loss of most dielectrics does change with temperature, that  duration low voltage impulse performance of distribution transformers,”

change is not nearly as great as the change in conductivity of a EEE Trans, vol. PWRD-2, no. 4, pp. 11521156, 1987.
semicon with temperature [8] S.A.Boggs and G. C. Stone, “Fundamental limitations to the measure-

) ’ ] ) ment of corona and partial dischargéEEE Trans, vol. EI-17, p. 143,
The alternative to using a cable to protect an inductive de-  April 1982.

vice from the effect of fast transients is often the use of a ca-[] B. K. Gupta, B. A. Lloyd, G. C. Stone, D. K. Sharma, and J. P.
it the device terminals. which is most common for Fitzgerald, “Turn insulation capability of large AC motors—Part 2:

pacitor across the de C? € als, c ] S Mos CO_ onto Impulse strength,’TEEE Trans, vol. EC-2, no. 4, pp. 666-673, 1987.

motors. However, capacitors are substantially less reliable than
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