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Abstract - Lightning and switching surges are the most common
causes of electrical failures in distribution transformers. Fast ris-
ing transients that reach the transformer can cause large
turn-to-turn voltages at the line end of the windings and reso-
nances, which result in large voltages to ground elsewhere in the
windings, many of which may exceed the winding insulation
strength. In a previous paper [1], empirical data were presented
which indicate that the type of cable employed between the source
of the transient and the transformer has an impact on the electrical
stress imposed on the transformer. The present contribution takes
a more analytical approach to this work, and establishes the fac-
tors which play a role in this difference, the most important of
which appears to be the loss of the cable dielectric.

Index Terms - Cable insulation, circuit breakers, pulse genera-
tion, pulse measurements, power cable, power transformers, tran-
sient propagation, transformer windings.

INTRODUCTION

Measurements were carried out of the effect of various types
of distribution cables on the transients incident on distribution
transformers. An impulse generator and spark gap were used to
produce relatively fast transients at the input to the cable (Figure
1). The transformer tested was a 150 kVA, three-phase unit
rated 13,200 volts delta, with 208 Y/120 volts secondary. Al-
though the transformer was a 3-phase unit, all tests were on one
phase. The inductive load on the secondary side of the trans-
former was the primary of a 50 kVA single phase transformer,
rated 7620/13200Y to 120/240 volts secondary, with the sec-
ondary windings open-circuited. Inductance was used because
reported field failures have generally been associated with light
load conditions when power factor has been extremely low and
highly inductive. Experiments on the setups with and without
inductance verified that voltage transients were more pro-
nounced with the inductance present.

A Tektronix four channel digital oscilloscope and high volt-
age probes were used to to measure the voltage at the input to
the cable and at the interface between the cable and transformer
(Figure 2). An MOV arrester was included in the circuit to pro-
tect the equipment. In order to simulate this direct stroke, an im-
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Figure 1. Experimental configuration employed to determine the effect of vari-
ous distribution cables on the transient which reaches a transformer.
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Figure 2. Voltage at the input to the cable (red) and at the interface between the
cable and transformer (blue) after propagation through 400 m of EPR 2 cable.
The "bump" in the red signal at about 9 us is caused by the return of the signal re-
flected from the transformer to the cable input.

pulse generator was charged to one million volts and discharged
into the cables under test, shunted by a set of adjustable sphere
gaps. This setup produced effective rise times in the order of 50
to 100 nanoseconds.

The cable construction tested was one that is representative of
medium voltage underground residential cable. The authors se-
lected #2AWG, 7 strand, aluminum 15kV, 100% insulated (175
mils), with a full neutral (10, #14AWG bare copper wires), and
with an encapsulating overall polyethylene jacket. Three insula-
tion types were tested — TR-XLPE, EPR1, and EPR2. The cable
length (Figure 1) was varied from 50 to 800 meters.

DETERMINATION OF TRANSFER FUNCTIONS

A previous paper [1] analyzed the data in the time domain,
i.e., the effect of the cable on the risetime (dV/dt) of the surge in-
cident on the transformer as a function of cable length. In the
present paper, we take two approaches:



1. Wedetermined the transfer function in the frequency domain
between the input and output of the cable by dividing the
Fourier components of the output by those of the input.

2. We predict the transfer function from the input to the output
based on (i) computing the Fourier components of the input
and multiplying them by the frequency dependent attenua-
tion appropriate for the length and type of the cable based on
the measured cable attenuation and (ii) assuming that the
waveform that appears across the terminals of the cable is that
computed in (i) modified by the frequency-dependent divi-
sion caused by the cable and transformer impedances. Thus if
the characteristic impedance of the cable were 35 Ohms,
which is typical, and the frequency-dependent impedance of
the transformer were Zt(f), the voltage which appears across
the terminals of the transformer would be the voltage at the
end of the cable times (2 Zt(f)/(35+Zt(f)). The factor of two
comes in because if you terminate the cable in its characteris-
ticimpedance, you get the full voltage across thatimpedance,
not half.

The impedance of the transformer with the inductance across
the secondary, as described above, was measured using two im-
pedance analyzers which, together, cover the range from 20 Hz
to 1 GHz. Useful data were obtained from 10 kHz to 40 MHz
(Figure 3). As will be seen below, the input waveforms did not
have useful signal energy above 30 MHz.

The first step in the analysis is to isolate the input signal and
condition it so that it starts and ends at the same value, as a Fou-
rier transform assumes a periodic waveform and any step be-
tween the beginning and end of the waveform is “interpreted” as
a step with large high frequency content. The waveform was
forced to zero in its tail by multiplying the measured data by an
exponential which went to zero with increased time beyond that
point in the waveform. The resulting typical input waveform
for the analysis is shown in Figure 4. The data were padded
with zeros to create exactly 8192 data which resulted in a fre-
quency resolution of about 100 kHz, i.e., the Fourier coeffi-
cients were separated by about 100 kHz in frequency. The mag-
nitude of the Fourier coefficients vs frequency is shown in Fig-
ure 5. The noisy nature of the coefficients above 30 MHz indi-
cates a lack of useful signal energy in this frequency range. This
was confirmed by truncating the Fourier series at 30 MHz and
reconstructing the time domain waveform. The only effect of
the truncation was to eliminate high frequency noise from the
waveform.

Figure 6 shows an example of data measured at the output of
the cable (the interface between the cable and transformer).
These data have been prepared as those in Figure 4, by forcing
the data to zero beyond a certain time and padding the data with
zeros to obtain exactly 8192 data. Data such as those in Figures
4 and 6 were next aligned in time, i.e., the waveforms were
shifted until the wavefronts aligned in time. The Fourier trans-
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Figure 3. Measured transformer impedance from 10 kHz to 40 MHz. The im-
pedance was measured with the inductance across the secondary, as was em-
ployed during the impulse testing. The data from the two impedance analyzers
overlap at 1 MHz, where both data are plotted. The difference between the two
measurements at 1 MHz is so small as to be invisible in the above plot.
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Figure 4. Example of data measured at the cable input as prepared for FFT to de-

termine the Fourier coefficients as a function of frequency. The waveform has
been forced to zero beyond about 3.2 us and padded to exactly 8192 data.
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Figure 5. Fourier coefficients vs frequency from the FFT of Figure 4. The fre-
quency resolution is about 100 kHz. The random nature of the Fourier coeffi-
cients above 30 MHz indicates that no use signal exists in this frequency range.
This was confirmed by truncating the Fourier series at 30 MHz and reconstruct-
ing the time domain signal. The only effect was to remove high frequency noise
from the signal.
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Figure 6. Example of data measured at the cable output (cable-transformer inter-
face) as prepared for FFT. The waveform has been forced to zero beyond about
5 ms and padded with zeros to exactly 8192 data.

form of the input and output data were then computed, along
with the ratio thereof to determine the transfer function, a typi-
cal example of which for TR-XLPE and EPR?2 cable are shown
in Figure 7. Clearly the EPR2 cable provides greater attenua-
tion above about 700 kHz than does the TR-XLPE cable, which
was new at the time and may have exhibited a greater attenua-
tion than would occur after loss of manufacturing byproducts
from the dielectric.

CABLE ATTENUATION

The effect of cable attenuation on transients in power systems
has been studied extensively [2-5]. For the present study, the
cable attenuation was measured using the same two impedance
analyzers as used to measure the transformer impedance. Fig-
ure 8 shows a comparison of the measured attenuations for
EPR?2 cable and the TR-XLPE cable. As expected from Figure
7, the attenuation of the EPR2 cable is appreciably greater than
that of the TR-XLPE cable.

COMPUTATION OF TRANSFER FUNCTIONS

The transfer function can be predicted from the measured ca-
ble attenuations and the measured transformer impedance based
on the circuit of Figure 9. The transfer function is computed in
two steps. In Step 1 (Figure 9), the effect of the cable attenua-
tion is computed in the frequency domain based on the mea-
sured attenuation thereof. In Step 2, the cable-attenuated signal
is applied through the characteristic impedance of the cable to
the measured impedance of the transformer. The cable and
transformer form a frequency-dependent divider, from which
the resulting waveform at the cable-transformer interface can be
computed in the frequency domain and transformed back to the
time domain. The factor of 2 results from the fact that if the ca-
ble were terminated in its characteristic impedance, the division
ratio would be unity. Figure 10 shows a typical example of the
transfer function computed on this basis (black) in comparison
with the transfer function computed from the data measured at
the input and output of the cable (red). Agreement is quite good
to about 2 MHz but deviates substantially at higher frequencies.
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Figure 7. Transfer function from the input of the cable to the interface between

the cable and transformer with 400 m of TR-XLPE cable and 400 m of EPR2 ca-

ble. The EPR2 cable clearly has appreciably greater attenuation above about

700 kHz. The data beyond about 5 MHz are dominated by noise.
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Figure 8. Measured attenuation of EPR2 and TR-XLPE cables.
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Figure 9. Approach to computation of the transfer function from the measured
cable attenuation and the measured transformer impedance.
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This suggests that the transformer impedance in this frequency
range is much lower than that shown in Figure 3 for frequencies
above 2 MHz. The above approach is reasonable if the cable is
sufficiently long that it maintains its characteristic impedance
over the range of frequencies and times involved in the analysis.
A more rigorous approach would be to compute the impedance
at the input of the cable as a function of frequency using the
measured propagation characteristics of the cable, which were
determined during measurement of the cable attenuation. Un-
fortunately the cable impedance measurement is sufficiently ar-
cuate to provide a good measure of the cable attenuation, but not
sufficiently accurate to provide reasonable data using this ap-
proach to computing the transfer function. When this approach
was attempted, the resulting transfer function was extremely
noisy. However insofar as the two approaches could be com-
pared in spite of this noise, the resulting transfer function did not
differ greatly and the more rigorous approach did not reproduce
the large attenuation in the region of 3 to 7 MHz.

EFFECT OF DIFFERENCES BETWEEN CABLES

We can compare the difference between the transfer func-
tions for EPR2 and TR-XLPE cable in Figure 7 with the differ-
ence in cable attenuation over 400 m based on Figure 8. These
differences are compared in Figure 11, which tends to indicate
that the difference in cable attenuation accounts for most of the
difference in transfer function. The primary difference among
the cables is dielectric loss, and for cable EPR2, this loss is quite
significant, as can be seen from the "loss budget" for the EPR2
cable shown in Figure 12. Note that the sum of the loss mecha-
nisms adds quite precisely to the measured cable loss, largely
because the loss caused by the interaction of the neutral wires
with the ground shield semicon has been computed accurately
for the first time. This loss mechanism has never been discussed
in the literature but has recently been studied by the authors and
their colleagues. Details will be published in the near future.
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Figure 10. Transfer functions computed from measured data at the two ends of

the cable (red) and from the measured cable attenuation and transformer imped-
ance (black).

The contribution of the dielectric loss, as shown in Figure 12,
has been computed for a 400 m cable length of EPR2 and plot-
ted in Figure 11. Given that the dielectric loss of polyethylene
based dielectrics is generally negligible at high frequencies, the
result suggests that the difference in the loss of the dielectric ac-
counts for most of the difference in cable attenuation, as would
be expected. The remaining difference is most likely to be dom-
inated by differences in the high frequency impedance charac-
teristics of the ground shield semicon, which change the loss
caused by the interaction of the neutral wires with the ground
shield semicon.
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Figure 11. Difference in cable attenuation over 400 m between EPR2 cable and
TR-XLPE cable (Figure 8) comparted with the difference in transfer function at
the cable-transformer interface with 400 m of EPR2 cable vs TR-XLPE cable
(Figure 7). The comparison suggests that most of the difference in transfer func-
tion results from the difference in cable attenuation, as would be expected.
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Figure 12. Loss budget for EPR2 cable. Skin effect losses dominate low fre-
quency attenuation. At higher frequencies, the dielectric loss of this cable be-
comes significant, as does the effect of the ground shield loss as a result of its in-
teraction with the neutral wires, which becomes dominant above about 4 MHz.
This latter form of loss has never been analyzed in the literature but has recently
been analyzed by the authors and their colleagues. Details of this loss mecha-
nism will be published in the near future. The ground shield semicon loss with-
out the effect of the neutral wires is shown for comparison and is much smaller.
Note that at about 4 MHz three loss mechanisms make equal contributions, the
sum of which add up very accurately to the measured loss of the cable.



CONCLUSIONS

The above analysis suggests that differences in cable attenua-
tion dominate the empirical effects documented in [1], and that
the difference in cable attenuation is dominated by differences
in losses within the insulation, given that the structure of the ca-
bles was identical. Differences in shields, especially the ground
shield, can also affect the relative high frequency attenuation of
such cables. The major disappointment of this work was the in-
ability to identify the cause of the large measured attenuation in
the 3 to 7 MHz range. This attenuation does not appear to be
caused by the cable and cannot be predicted based on the mea-
sured impedance characteristics of the transformer.
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