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Abstract: Class-10 A solid-core insulators (BIL 90kV) have been used instead of class-6 A pin insulators
(BIL 60kV) in order to improve the insulation level of distribution lines. However, lightning protective de-
vices attached to pole transformers may have the effect of reducing the overvoltages on phase conductors. We
have investigated the lightning protection effect of devices attached to pole transformers by experiment and
analysis using the EMTP (Electro-Magnetic Transients Program). The sparkover rate changes from 2.0~3.3%
to 5.5~9.9% and increases 2.4~2.8 times when the line insulator of the phase conductors is changed from
class-10 A to class-6 A. It is thought that the insulation level of the line insulator can be reduced depending
upon the local particularities, such as number of installed transformers, frequency of direct lightning stroke
to the distribution line, and so on although the overall fault rate may increase to some extent.
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1. Introduction

A decrease in the cost of the protection of distribution
lines from lightning is required while maintaining their
reliability.

Since the 1970s, several electric power companies have
adopted class-10 A solid-core insulators instead of class-
6 A pin insulators in order to avoid causing sparkovers
at phase conductors due to lightning strokes. Since the
1980s, lightning protective devices such as insulators
with built-in surge arresters for -transformers, primary
cut-out switches with built-in surge arresters, transform-
ers with built-in surge arresters and so on have been
developed and introduced into distribution lines in or-
der to protect transformers . Although the protection
effects of transformers of such devices were studied in de-
tail @, the protection effects on phase conductors were
not clarified fully. We considered that lightning protec-
tion devices might also have protective effects on phase
conductors. Lightning protection effects of an insulator
with a built-in surge arrester are affected by the position
of the transformer. Considering these characteristics,

* Central Reserch Institute of Electric Power Industry
2-11-1, Iwado Kita, Komae 201-8511
** Kyushu University
6-1, Kosuga Kouen, Kasuga 816-8580
Central Reserch Institute of Electric Power Industry
2-11-1, Iwado Kita, Komae 201-8511
*** Hokuriku Electric Power Company
15-1, Ushijima-machi, Toyama 930-8686
*#** Hokuriku Electric Power Company
2-54, Hisakata-machi, Toyama 930-0848

we have investigated the lightning protection effect of
insulators with built-in surge arresters attached to pole
transformers by means of experiment and analysis using
the EMTP.

2. Experimental Methods

Experiments were performed using an actual-size dis-
tribution line at the UHV Shiobara Testing Yard of
CRIEPI The schematic diagram of the experimental
distribution line is shown in Fig.1. The setup of the
lightning protective devices was in accordance with the
lightning protection design of Hokuriku Electric Power
Company. The surge arresters were installed every four
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Fig.1. Layout of experimental distribution line
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spans, and the insulators with built-in surge arresters
were installed at the poles with transformers, and the
current limiting arcing horns on outer two phase were
installed at the remaining poles.

The configuration of the pole at which the lightning
impulse current was injected is shown in Fig.2. The
experimental conditions are listed in Table 1. A di-
rect stroke to a pole with transformers was assumed.
A lightning impulse current was injected to the over-
head ground wire (OHGW) for distribution lines with
an OHGW, and was injected to the top of the pole
or the outside phase conductor for distribution lines
without OHGW. The peak value of the injected cur-
rent was changed from 4kA to 18 kA, and Tf (time-to-
crest value of current) was changed from 0.5 us to 3.5 us.
The transformer position (distance from a high-voltage
crossarm to the transformer’s attachment) was changed
from 1.5m to 8.0m and the transformer earth resistance
was changed from 55 to 130 €.

The line insulator voltage was measured with a 100 kV
probe when the injected current was low. In other cases,
the line insulator voltage was calculated from the mea-
surements of the phase conductor voltage to ground and
the crossarm voltage to ground. Other items measured
were the injected current, the current of the OHGW, the
current of the insulator with a built-in surge arrester,
and the current of the pole with the earth wire into the
earth.

A O Overhead ground wire
/ \ ~  (OHGW)
& 1 Phase conductor
\f-‘ =]

Line insulator voltage

Transformer
position
(1.5~8.0m) °

built-in surge
arrester

D

Insulator with %
<:

Transformer earth
resistance
55~130Q

Fig.2. Configuration of the pole at which the
lightning impulse current was injected

Table 1. Experimental conditions
Item Number Conditions
Point of current injection 3 Overhead ground wire

Top of the pole (without OHGW),

Outside phase conductor (without OHGW)
4, 10, 18 (kA)

05/11, 1/11, 35/11 (us)

150, 250, 500, 800 (cm)

55, 70, 130 (Q)

Current peak value

Current waveform

Transformer position

W [P (W] Ww

Transformer earth resistance
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3. Experimental Results

3.1 Influence of the Current Injection Point
and Time-to-crest Value on Line Insulator Volt-
age The influences of the current injection point and
time-to-crest value of the injected current on the line in-
sulator voltage are shown in Fig. 3. In both cases, there
is a linear relationship between the line insulator voltage
and the injected current. The intercept of the approx-
imate straight line with the y-axis corresponds to the
discharge voltage of the insulator with a built-in surge
arrester.

The line insulator voltage increases as Tf shortens in
the case of a stroke to the OHGW, because the voltage
generated by the inductance of the transformer lead wire
and the concrete pole is proportional to the steepness of
the current.

Regarding the current injection points, the line insula-
tor voltage is smallest when the current is injected to the
OHGW, which has many paths along which the current
can flow. This clearly indicates the protection effect of
the OHGW.

3.2 Influence of Transformer Position on Line
Insulator Voltage The relationship between the
line insulator voltage and the transformer position in
the case of a stroke to the OHGW is shown in Fig. 4.

@ Stroke to OHGW,
Tf:054us

# Stroke to OHGW,

200 Tf:1.0us

4 Stroke to OHGW,

150 Tf:35us

i3 Stroke to top of pole
without OHGW,
Ti:10us

100

O Stroke to phase
conductor without
OHGW, Tf:10us

Line insulator voltage (kV)

Transformer position : 2.5m
Transformer earth
resistance : 130Q
Tf : Time—to—crest value of
injected current

0 . . i
10 15 20
Injected current (kA)

Fig.3. Relationship between outside line insulator
voltage and injected current
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Fig.4. Effect of transformer position on reduction
of line insulator voltage



There is a linear relationship between the transformer
position and the line insulator voltage. The reason for
this is that the inductance of the transformer lead wire
and the concrete pole is proportional to the length of
them. If the transformer position is lowered, the over-
voltage increases; in other words, the protection effect
on the line insulator becomes small.

‘3.3 Influence of Earth Resistance on Line In-
sulator Voltage The relationship between injected
current and line insulator voltage at various ground re-
sistance values is shown in Fig. 5, in the case of a stroke
to the OHGW with Tf of 1 us.

It is found that the line insulator voltages are almost
the same for different ground resistances. First, we con-
sider that the current (Fig.6, I;) which flows into the
earth and the current (Ip) which flows through the con-
crete pole with an earth wire from the top to the trans-
former position become larger with a decrease of the
earth resistance; on the other hand, the current (Iy)
which flows through the transformer lead wire becomes
small. Therefore, the changes of currents (I.p) and (Iy)
that cause line insulator voltage are counterbalanced,
and the influence of the earth resistance on line insula-
tor voltage becomes small.

100 r ]
¢ Earth
. 90 resistance
Z 80 130Q
g 0 # Earth
% 60 resistance
Z 50 706
2
= 4 AEarth
£ 30 resistance
o 55Q
5 20
10 Stroke to OHGW
0 . Tf:1.0us
0 5 10 15 20
Injected current (kA)
Fig. 5. Effect of earth resistance on reduction of

line insulator voltage
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l I : Current into ground

Fig.6. Branches of lightning impulse current
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4. Numerical Analysis

4.1 Analytical Method The EMTP was used
for the analysis. First, the validity of the model was
investigated by comparing it with the experimental re-
sults. Then, using a more generalized circuit, the
sparkover rate of the distribution lines was calculated.

The analytical model of a pole with transformers is
shown in Fig. 7. The calculation conditions are listed in
Table 2.

For modeling the transformer lead wire and the con-
crete pole with an earth wire, the mutually-coupled R-L
branch model which simulates the self-inductance and
the mutual inductance between the leads and the pole,
and the R-L-C branch model which simulates the elec-
trostatic capacity, were used. The self-inductance of the
transformer lead (L;) was calculated from Eq.(1). Re-
garding the self-inductance of the pole (Ls), it is gener-
ally accepted that the surge impedance of a pole with an
earth wire is 70~250€. In this study, we adopted the
value of 2502 ®® and the equivalent inductance was
calculated using Eq. (2). For the part of the pole with

Overhead Ground
ire Current
_’ T _-l
J.Marti Line Modeli

J.Marti Link Model

Line Insulator R-L-C Branch

Voltage

Mutually-Coupled
R-L Branches

R-L-C Branch

Nonlinear Resistance v
Arrester Model l

Current of Insulator with
Built-in Surge Arrester

Constant-Parameter
Transmission Line Model

R-L-C Branch -
Earth Current

Q

Fig.7. Analytical model of a pole with transformers

Table 2. Calculation conditions
Item Conditions
Hight-voltage conductor OC 60sq
Ground wire Fe 22sq
Grounding resistivity 800Q *m
Transformer lead wire PDP 5.5sq
Surge impedance of concrete pole 250Q
& its propagation velocity 300m/us
Earth resistance of concrete pole 150Q
Earth resistance of transformer 702 (steady resistance 1309 )
Insulator with a built—in surge arrester [V;54 = 20kV
discharge voltage= 29kV
Surge arrester Vyska = 20kV
discharge voltage= 29kV
Current limiting arcing horn Vosia = 20kV
discharge voltage= 90kV -
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an earth wire below the transformer, the distributed-
parameter line model of a surge impedance of 250 £ was
used.

An example of a comparison between an experimental
result and an analytical result is shown in Fig. 8. This
is the case of a stroke to the OHGW; Tf is 0.5 us, and
transformer resistance is 130€). The measured wave-
forms agree with the calculated waveforms very well,
except that there is noise in the measured waveforms.
Similar analyses were carried out for other cases, and
it is confirmed that the calculated results agree with
the experimental result shown in Fig. 3. Therefore, it is
concluded that this analytical model is applicable to the
following analysis. ) ‘

Fo I+Va?+12
Ly ="— llog ML Sl R
271" a

I: Length (m), a: Radius (m)

Zy: Surge impedance (Q)
co: Velocity of light (3.0 x 108 m/s)

4.2 Calculation of Sparkover Rates  The prob-
ability of sparkover at the line insulator, which sup-
ports a phase conductor by one direct lightning stroke to
the pole with transformers, is defined as the “sparkover
rate”. Class-6A and class-10 A solid-core insulators were
compared in terms of sparkover rate.

In this calculation, it was assumed that the trans-
former position was 2.5 m, and the earth resistance of the
transformer was 100 2. These set values are standard de-
sign values used by Hokuriku Electric Power Company
that examines the decrease of the insulation level.

The injected lightning current waveform was a ramp
wave. Because the peak value and the time-to-crest
value have a significant influence on the line insulator
voltage, they were considered as statistical parameters.
The statistical distributions of these parameters were as-
sumed to be logarithmic normal distributions with the
50% and 16% values shown in Table 3. The time-to-
half value of the current was fixed at 70 us, because the
line insulator voltage is small at the wave tail and the
influence of the time-to-half value on the line insula-
tor voltage is small, and this value has been used in
reseaches into the lightning protection design of distri-
bution lines ™,

The length of the distribution line model was eight
spans (320m) to one side from the current injection
point and the phase conductors were terminated with
400€) in order to prevent reflections. It was assumed
that the surge arresters were installed at intervals of
four spans and the current limiting arcing horns were in-
stalled at the remaining poles as well as shown in Fig. 1.
It is considered that the reflection from the surge ar-
resters that are farther than eight spans from the current
injection point may reduce the line insulator voltage if
the time-to-crest value is long. Therefore, arresters that
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Fig.8. Comparison between measured waveforms
and calculated waveforms (Stroke to OHGW,
time-to-crest value of injected current is 0.5 us,
transformer earth resistance is 1302)

correspond to those of 30 spans were installed at the
eighth span in the calculation, and it was confirmed that
the difference in the line insulator voltage of the current
injection pole was less than 1% from the value without
the arresters.

Regarding the sparkover voltage of the line insulator,
the 50% flashover voltages shown in Table 4 were used.
These are the measured values. Using the 50% flashover
voltages with the time-to-half value of 50 usec is a safety
side because the sparkover voltages may rise with short-
ening of the length of the time-to-half value ®.

The sparkover rate was calculated as follows. First,
the injected current threshold that generated the
sparkover at each time-to-crest value was calculated, as
shown in Fig.9. Next, the sparkover rate in relation to
the stroke point and the type of line insulator was calcu-
lated using Eq. (3), as shown in Fig. 10. The probability
density functions of the lightning current peak and the
time-to-crest value were assumed to be independent.

It is shown in Fig. 10 that the sparkover rate changes



from 2.0~3.3% to 5.5~9.9% and increases 2.4~2.8 times
when the line insulator of the phase conductor is changed
from class-10 A to class-6 A. There is a possibility that
the sparkover rates of both line insulators may be
smaller for the real case, because we adopted the 50%
flashover voltage and did not take the v-t characteristics
into consideration.

The sparkover rate according to the stroke point be-
comes the order of stroke to top of pole 2 stroke to phase
conductor > stroke to OHGW. Therefore, the protection
effect is greatest when there is an OHGW. ‘

+oo | oo
pf:/ /f(I)dI G(TYAT ~-voveveen (3)
0 WD
Table 3. Cumulative frequency distribution of
lightning current waveform
Parameter 50%-value | 16%-value| Ref.
Peak value (kA) 26 55 )
Time-to-crest value (us) 3.5 2.3 (5)

Table 4. Sparkover voltage of insulator

Insulator 50% flashover voltage

nsuiater (positive 1.2/50 1 s)
Class— 6A 96 kV
Class—10A 150 kV

250 " A —— Class- 6A insulator -
& A‘ gi‘_"/ Stroke to OHGW
_— o
§ 200 ,’QA ; g Class— BA insulator —
~ ,® v //“ﬁ Stroke to top of pole
- F g g
c 150 PR )
o i g Class~ BA insulator —
5 Stroke to phase
[&] conductor
- 100
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¥ Stroke to top of pole
0 1 1 1 1 1 ] 1
0 1 2 3 4 5 6 7 8 « v oy « « Class—10A insulator —
. Stroke to phase
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Fig. 9. Relationship between time-to-crest value
and peak current for line insulator sparkover

Overhead
ground wire
(OHGW)
B Class—10A |
Top of pole insulator
h (¢]
without OHGW i B Class— 6A
Phase insulator
conductor
without OHGW

Sparkover rate (%)

Fig.10. Effect of insulation level of distribution
lines on sparkover rate

f(I): Probability density function of peak value I

g(T"): Probability density function of the time-to-
crest value T’

y(T"): Minimum current required to sparkover for
the time-to-crest value T'

5. Conclusions

By experiment and analysis, the influence of using line
insulators with decreased insulation strength to support
the phase conductors was examined, considering the pro-
tective effect of the lightning protective device (insula-
tor with a built-in surge arrester) attached to the trans-
former. The main results are as follows.

(1) The line insulator voltage of a phase conductor
is the sum of the voltages of the inductance of the trans-
former lead wire, the pole, and the discharge voltage of

- the insulator with a built-in surge arrester when there is
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a direct stroke to the pole with transformers. Therefore,
the line insulator voltage has a linear relationship with
the steepness of current and the transformer position.
It is preferable that the position of the transformer in-
stalled with the insulator with a built-in surge arrester
be close to the phase conductor to increase its protective
effect on the phase conductor.

(2) The influence on the line insulator voltage of the
earth resistance of the transformer is small in the case of
a stroke to the OHGW. The reason for this is that the
change of earth resistance increases the current to the
earth and decreases the current to the transformer lead
wire. The two effects compensate for one another and
thus the line insulator voltage remains almost constant.

(3) The sparkover rate changes from 2.0~3.3% to
5.5~9.9% and increases 2.4~2.8 times when the line in-
sulator of the phase conductors is changed from class-
10 A to class-6 A. The sparkover rate according to the
stroke point becomes the order of stroke to top of pole
= stroke to phase conductor > stroke to OHGW. There-
fore, the protective effect is greatest when there is an
OHGW.

It is thought that the insulation level of the line insula-
tor can be reduced depending upon the local particulari-
ties, such as number of installed transformers, frequency
of direct lightning stroke to the distribution line, and so
on although the overall fault rate may increase to some
extent, because the sparkover rate is the value assumed
for the direct stroke to the pole with transformer.
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