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1. Scope for Insulators for Overhead Power Lines

Insulators for overhead power lines have to be resistant to different
kinds of electrical, mechanical and thermal conditions arising during
service. Further they should withstand influences caused by climatic
conditions, especially the different types of pollution layers which

reduce the insulating power.

The electrical scope of insulators consists in insulating conductors
against one another and to earth. According to mechanical behaviour
have to be taken into account also, besides tensile and oscillatory
forces of the conductors, additional forces conditioned by the
weather. The insulator material should be as much as possible resis-
tant to thermal effects of partial discharges and arc flash-overs
and be corrosion-resistant.

2. Materials and Types

‘Since starting power transmission by overhead power lines, all demands
made upon insulators were almost completely met by the material
"porcelain". Later, toughened glass was introduced as a further
material for the manufacture of insulators. Resin insulators for
overhead power lines are still in their first stages of development.

Cap and pin type insulators and long-rod insulators (Fig.1l) are
to be regarded today as fundamental for high voltage insulators.
The development of the cap and pin type insulator can be checked
back to the first decade of this century. The 1long-rod insulator
consisting of many sheds was developed after the two-shed solid
core insulator and has been in service in overhead power lines since
forty years.

In Germany, when designing the cap and pin type insulator, one endea-
voured to make use of the high compressive strength of porcelain.
In a construction with relieved pin-ball hole (Fig.la) tensile stress
of the conductor was to be changed to compressive stress on the
porcelain. Many types of insulators were developed where, however,
besides the desired compressive-load also tangential and shearing
stresses occurred. In the USA the development of the cap and pin
type insulator led to a design with cylindrical or slightly conical
splitted pin-ball hole, in which a conically shaped pin-ball | 1is
cemented (Fig.lb). Because of the toughening technique applied to
glass insulators the greatest possible even body thickness nad to
be assumed. The glass insulator, therefore, inevitably had to be
shaped like the cap and pin type insulator.

As the originally fabricated cap and pin type insulators of porcelain
were unsatisfactory in respect to their punctiring risk, in Germany
one tried to find a puncture-proof design. -Systematic development
of high-tensile porcelain and constant improvement on the manu-
facturing system resulted in ‘long-rod insulators (Fig.lc) where
tensile stresses are always applied to the insulator. Internationally,




the criterion for cap and pin type insulators and long-rod insulators
is the ratio of the length of shortest puncture path to the length
of shortest flash-over path. For a low value of this ratio the design
of the thin-boarded cap and pin type insulator is obvious, for a
high value of this ratio the long-rod insulator 1is given. Because
of the possibility of an electrical puncture through the thin-walled
body, and also because of experience gained during service, the
cap and pin type insulator is called "not puncture-proof®, whereas
the long-rod insulator, because of 1its long, solid core, cannot
be electrically punctured and is therefore called "puncture-proof.
Instead of the expressions "puncture-proof” and "not puncture-proof”
the 1EC-Recommendations today use the expressions "Form-A" & Form-B".

Cap and pin type insulators are according to transmission voltage,
combined as strings (Fig.ld). Long-rod insulators can be built in
one part for high transmission voltages.

3. Electrical Properties

The requirements set to the electrical properties of the overhead
1ine insulators are manifold.

3.1 Power Frequency Voltage

The insulator has to be constructed in such a way that at nominalb
power frequency voltage and under dry, clean conditions discharges
do not occur. Cap and pin type insulators tend more to slide dis-
charges than long-rod insulators. With this kind of discharge, low
voltages already are able to bridge large sparking distances. Glow
corona and spark discharge losses are to be avoided and the radio-
noise level must be low. Because of its structure the cap and pin
type insulator is more susceptible in this respect than the long-rod
insulator. Its electrodes being positioned close together, result
in a high electric field strength, especially inside the pin-ball
hole, and promote radio-noise discharges. These discharges are con-
denser discharges, which also appear beside in unfavourable structures
in defects 1like cracks, holes and porosity of the insulator. The
electrodes of the long-rod insulator on the other hand are positioned
far apart. The electric field strength in the insulator is, therefore,
low, which means the radio-noise level is also low.

In outdoor installations the radio-noise level of the insulators
can rise considerably. This can be caused by pollution layers, meta-
11ic conducting parts 1like soot, graphite and metal dust, but espe-
cially by metal armatures which are corroding under aggressive
atmospheric conditions. Corroded armatures lead to spark discharges
between socket and pin-ball and therefore to radio-noise. As strings
of cap and pin type insulators, contrary to Jlong-rod insulators,
contain many intermediate fittings 1t is evident that the cap and
pin type insulator is inferior to the long-rod insulator with regard
to radio-noise. One has tried to get rid of these noises by connecting
the caps with the aid of flexed wire or .by covering the contact
areas of cap and pin-ball with semi-conducting greases. This measure
--can only be regarded as make-shift.




The wet power frequency withstand voltage as a basis for determining
the outdoor insulation shows no great difference where cap and long-
rod strings are of equal length. The withstand voltage under poliution
can be far below the wet power frequency withstand voltage. With
suitably designed insulators, however, a very-high degree of operating
reliability can be attained usimng cap and pin type as well as long-
rod insulators. The creepage distance of a cap and pin type insulator
string, however, has to be about 20% greater than that of a long-rod
string under equal pollution conditions(l). A serious disadvantage
with regard to pollution flash-over are again the many intermediate
fittings of cap and pin type insulator string which is assembled
of single cap and pin type insulators of low overall height. Partial
arcs due to pollution adhere to the intermediate armatures of cap
and pin type insulators and can result in a cascade-arc flash-ov¢

endangering especially the sheds of the string. Cap and pin type
insulators manufactured of porcelain and toughened glass are equally
prone to this. Adequately large short-circuit power of the net when
this cascade-arc flash-over occurs can also result in melting one
of the many pin-balls and subsequent dropping off of the conductor.
Long-rod insulators are produced as one part for transmission voltages
upto 150-kV so that cascade-arcs do not occur. For protection of
the surface they are also fitted with arc protection fittings at
the ends of the insulator. For higher transmission voltages up to
400-kV multipart long-rod strings are still being used at present.
Between the long-rod insulators-and at the ends of the string arc
protection fittings are mounted to divert the arc from the insulator.
Intermediate protection fittings for multipart strings of cap and
pin type insulators are out of the question.

Pollution flash-overs on cap and pin type insulator strings are
promoted where single porcelain cap amd pin type insulators are
already punctured or where glass cap and pih type insulators contain
some broken off sheds. This, as opposed to normal conditions, bad
pollution performance of cap and pim type insulators is impossible
with long-rod insulators because their creepage distance remains
unchanged. Electrical puncture at the top of the porcelain cap and
pin type insulator may in most cases have been preceded by mechanical
overloading followed by porcelain cracks.. These slight cracks can
develop under too high a routine test load and slowly widen during
service (2). Also, purely electrical punctures should occur rarely
with glass cap and pin type insulators. Breakages of sheds are due

~ to manufacturing and material faults, or are gemerated when heavily

polluted by discharges on the glass-surface. As opposed to porcelain,
slide sparks 1leave detectable marks om the glass surface. Local
heating of the glass body with resulting loss of the shed and thus
reducing the electric strength.

Faults due to punctures are impossible with Jong-rod insulators.
This advantage has to be specially mentioned. Checking of insulating
performance of overhead power lines equipped with long-rod insulators
is unnecessary, whilst overhead power lines equipped with cap and
pin type insulators have ‘to be checked periodically for punctured
or destroyed insulators. These 1line inspections are expensive and
the harder to carry out the higher the transmission voltage and
the longer the insulator strings.

Measurements of leakage currents on 380-kV strings in a slightly
polluted area showed a higher mean annual value for glass insulators

3




than for long-rod insulators (3). Dielectric losses for glass-insu-
lators are higher than for long-rod insulators. Temperature dependence
of dielectric losses is greater for glass-insulators than for porcelain
insulators (4).

Latest experiences showed that a long-term exposure to salt-pollution
under D.C. may cause erosion on toughened glass insulators, parti-
cularly in zones with high leakage currents. The erosion may tend
to become very deep and the disc can break (5).

3.2 Impulse Voltage

Besides wet withstand power frequency voltage, the withstand impulse
voltage is a dimension for overhead power lines. The insulator string
should be able to withstand this atmospheric over-voltage without
heavy damage or even destruction. With regard to this kind of elec-
trical stress also cap and pin type insulator strings are clearly
inferior to 1long-rod insulator strings. The disadvantage is again

‘due to the fact that cascade-arc flash-overs occur followed by short-

circuit power arcs because of the numerous unprotected intermediate
armatures. With this kind of flash-over one has to be prepared for
damages to cap and pin type insulators at the hot arc roots Long-rod
insulator strings are sufficiently protected against these damages
by simple and inexpensive arc protection fittings.

Cap and pin type insulators are puncturable during occurrence of
steep fronted impulse voltages. For long-rod insulators the puncture
path through the porcelain is practically as great as the flash-over
path in the air. As the electric strength of porcelain is far higher
than the electric strength of air, even very steep impulse voltages
only result in air punctures. An unpleasant result of the puncturing

. Qof cap and pin type insulators is that due to the following powerful

short-circuit current the caps can explode and the pin-balls can
be dislocated (6). This event is combined with string breakage.
String breakage of a long-rod insulator string on the other hand
is a purely mechanical problem. Even if the pars promille of string
breakages are insignificant, an advantage of the cap and pin type
insulator also in this respect is not noticeable.

3.3 Switching Voltage

Concerning power frequency voltages of 380-kV and higher, it has
been noticed in the past, that the switching impulse voltage is
a serious stress for outdoor insulation. Internationally it is
already being tried to set a standard for an adequate insulation
level for this kind of stress. With equal Tlength of strings cap
and pin type insulator strings are again, because of their many
intermediate armatures, inferior to long-rod strings.

In Germany one recognized in time the disadvantages of intermediate
fittings which easily lead to cascade-arc flash-overs. With the
conclusive development of the one-piece long-rod insulator without
metal parts within the 1length of. the insulator an important stage
was reached for 110-kV, 132-kV and 150-kV transmission voltages.
For 220-kV was later introduced the two-piece and for 380-kV the

three piece long-rod insulator string. The aim for larger long-rod
insulator units was continued. |




One-piece 220-kV long-rod insulators have already been in service
for several years with good results. During 1972 extensive tests
were carried out for two-piece 380-kV insulation with long-rod insu-
lators. Test results were so encouraging, that now the period for
two-piece 380-kV insulation started. Also the first tests with -a
one-piece long-rod insulator for a 380-kV.overhead power line were
successful. 380-kV 1insulation with a one-piece long-rod insulator
was tested in 1973. Certainly a courageous step but not more so
than the introduction of one-piece 110-kV insulation by a single
long-rod 1insulator nearly 40 years ago. Fig.2 shows three- two-
and one-piece long-rod insulators for 380-kV.

4. Mechanical Properties

Overhead power lines are without exception equipped with cap and
pin type insulators or long-rod insulators. The prevailing statical
tensile stress is superimposed by oscillation stresses which are
caused by swinging of the conductors. |

Therefore cap and pin type insulators formerly armed at conversion
from tensile stress to compressive stress had the disadvantage,
that mechanical and electrical lines of force met. Too high a mecha-
nical stress could easily be followed by an electric puncture. Also
splitting of the pin-ball hole, which is used in the USA had the
disadvantage that the porcelain was cracked by punchform impact
loads and these cracks widened during service. But transmission
of loads should not be punchform but of a maximum plane. One can
say that for porcelain cap and pin type insulators an electro-mechani-
cal problem has to be solved. Therefore, this insulator is also
submitted to electro-mechanical tests during manufacture. The glass
cap and pin type insulator on the other hand proves to be rather
an electro-thermal problem because of the temperature dependence
of dielectric losses and is therefore submitted to electro-thermal
tests before going into service.

The long-rod insulator is subjected to tensile stress because it
is absolutely puncture-proof for long-rod insulators exists a purely
mechanical problem. During manufacture, therefore, the 1long-rod
insulator needs not to be electrically tested but mechanically only.

During mechanical tests of cap and pin type insulators the test
load has to be kept very low to avoid cracks. For the long rod insu-
lator, on the other hand, the test load is close below the minimum
failing load. Due to low test load, material faults in cap and pin
type insulators are easily missed but are almost completely detected
in long-rod insulators because of the very high test load. Ultrasonic
testing is unsatisfactory for tracing cracks and porosity in cap
and pin type insulators. Partly these faults remain hiddern and can
cause electrical punctures during service. Punctures <. the top
of the cap and pin type insulator then cause along with powerful
short-circuit current the well-known explosion-like destruction
of the insulator, which is combined with string breakage. This des-
truction takes place during the first half-period, hence during
a period which cannot be contacted with the best protection devices
and circuit breakers. For the long-rod insulator, however, the ultra-
sonic method proves to be an excellent test for finding material
faults. Disc breakages only rarely occur with this high-tensile




porcelain in connection with the optimal design of the clamping
ends. They are definitely detected during ultrasonic tests. The
problem of porosity is no longer present becduse of the large diff-
erence in firing temperature and maturing limit of the materials
used now a days.

One-piece long-rod insulators showed better results in the past
during oscillation tests than strings of cap and pin type insulators.
As opposed to long-rod insulators, oscillation nodes can develop
in strings of cap and pin type insulators which could in certain
Cases lead to breakage of pin-balls. Breakages in overhead power
lines equipped with long rod insulators also have not become known
during the very long service period.

The high-tensile strength of toughened glass insulators is particularly
mentioned. All the mechanical strength attributed to the glass lnsula-
tor, however, 1is also within the bounds of the long-rod insulators.

In the past, the possibility of mechanical string failure and resultant
dropping down of the conductor was blamed on the long-rod insulator.
The development of high-tensile porcelains, the improvement of manu-
facturing procedures and the use of new test methods have moved
mechanical failures of Jlong-rod insulator strings to the area of
rare and incidental faults. Failures of cap and pin type insulator
strings due to diverse cases are also rare.

For 380-kV overhead power lines instead of the formerly used I-type
suspension strings, V- or Y-type suspension strings more and more
Come  1nto use. The V-type string s preferred because of its good
electrical properties. To obtain a narrow right-of-way the crossarms
should be kept as small as possible. The best angle from an electrical

point of view is for the V-type string at approx. 45. At this angle
the basic width on the crossarm amounts to approx. 2.5m. At a swung-
out position of the conductor one of the two V-insulators is subjected

to compressive stress. This stress is taken easily, as mechanical
tests showed, not only by two rigidly connected long-rod insulators
but also by a one-piece long-rod insulator of a V-type string. Here,
the high compressive strength of porcelain plays an important part
for the future. If the V-type string consists of cap and pin type
insulators the divergence should be such as not to remove the stress
on one part of the flexible V-type string. This leads to an electri-
cally unsatisfactory divergence of approx. 90 and to a basic width
on the crossarms of about 6m (7). There is every reason to believe
that future designs of high transmission voltage overhead power
lines will be with long-rod insulators manufactured of compression-
proof porcelain thereby 1largely avoiding intermediate fittings.
F1g.3 shows 380-kV strings of cap and pin type and long-rod insulators
in a V-arrangement.

5. Thermal Properties

Insulating material used for overhead power line insulators should
be resistant to temperature changes. Its surface should be resistant
to the effects of pollution and partial discharges.  Porcelain meets
these demands to a very high degree. Glass can be visibly damaged
by surface discharges. If, due to long dry periods, pollution layers
settle on the glass-surface, and being conducive by high humidity

or persisting fog, the glass insulators can be damaged by these
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constant discharges. An overhead power line:passing through an area
~of fog then proves to be a serious danger to the energy supply.
This danger is to be taken seriously as not only one but under certain
circumstances all glass insulator strings in this area can be damaged
and fail.

Arcing damages can develop on porcelain as well as on glass insulators
Such damages are permissible insofar as breaking of the string and
dropping down of the conductor are avoided. Glazing damages can
occur on porcelain long-rod insulators and sheds be blown off. Sheds
on cap and pin type insulator strings constructed of toughened glass
can be thrown off. If the danger of string-disconnection exists
arc protection fittings are necessary.

Tests on long rod insulators without arc protection fittings showed
the insulator can withstand a short-circuit power arc of approx.
9 kA without failing during an arcing time of about one second (8).
Beyond that arc protection fittings are installed which have reached
such an degree of efficiency, that long-rod insulators are practically
completely protected against thermal influences of short-circuit
power arcs. Such a complete protection cannot be reached for strings
equipped with cap and pin type insulators and because of their many
intermediate armature within the string-length as for example, during
pollution flash-over cascade-arcs occur in every case. With regard
to arc protection, again long-rod insulators are superior to cap
and pin type insulators.

6. Conclusions

The remarks made about 1long-rod insulators and cap and pin type
insulators are based on experiences and research. It was noted that
the shape of long-rod insulators, especially of the modern one-piece
type, shows a few substantial advantages to the rap and pin typ
insulators. These are also the reasons, why in Germany and severa!
Central European States long-rod insulators are used almost exclusively.
Other European countries more and more prefer long-rod insulators
to cap and pin type insulators.

The 1long-rod insulator has passed its endurance test after almost
40 years in high-voltage overhead power 1lines. Different designs
are adapted to the various conditions- in service and also satisfy
in every way the requirements of modern power transmission.
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EIG.3 380KV V TYPE STRING WITH CAP AND PIN TYPE INSULATORS (A)

AND LONG ROD INSUL ATORS (B)
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F1G.1: BASIC SHAPES OF HIGH VOLTAGE INSULATORS
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FIG.2: OVERHEAD POWER LINE (NSULATION FOR 380KV

WITH THREE-TWO-AND ONE PIECE LONG-ROAD INSULATORS




