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of AC Surge Arresters

E. C. Sakshaug, Consultant

Much of the material in this history, particularly that relating to sizes
and protective characteristics, is from General Electric Company
sources. It is possible, therefore, that some devices manufactured by
other companies are not mentioned.

ince the beginning of ac transmission, approximately
100 years ago, lightning protection of transmission
equipment has been provided by gaps and by non-
linear resistors, alone or in various combinations.
Gaps were used alone in the early years, gaps combined with
nonlinear resistors were used for about the next 70 years,
and nonlinear resistors without gaps have been used for the
last 15 years. Many of the arresters manufactured 50 or more
years ago are still in service, but the time periods given below
are approximations of the periods during which generic
arresters were manufactured.

Lightning arresters, or surge arresters as they are now
designated, are applied to protect equipment against the
effects of lightning or other surges conducted by the system
tothe equipmentbeing protected. That is, stations are almost
always protected by rods or other shielding so that the
lightning or surge currents almost always reach the stations
by being conducted along transmission lines. To protect
insulation at any instant, arresters are permanently con-
nected from line to ground near the equipment being
protected. An arrester must act as an insulator, conducting
at most a few milliamperes of current at normal system
voltage; change to a relatively good conductor capable of
carrying thousands of amperes—with a current times resis-
tance, IR or discharge voltage, lower than the voitage
withstand of the protected equipment; and extinguish or
clear the current flowing from the system through the ar-
rester (“power follow current”) after the lightning or switch-
ing surge has been dissipated.
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1892 to 1908: Air Gaps With Modifications

Protection during the early part of the period was provided
by simple air gaps from line to ground. Gaps can be designed
to spark over at voltages low enough to provide excellent
lightning protection with practically no discharge voltage. How-
ever, simple air gaps will not clear power follow current unless
aresistance is connected in series to limit the current magnitude
and improve the power factor of the interrupting circuit. A
linear resistance large enough to produce the required cur-
rent limitation will exhibit discharge voltages, even at
moderate lightning currents, higher than the voltage
withstands of reasonable insulation systems; therefore, air
gaps are nonclearing devices requiring a circuit breaker or
fuse operation to clear power follow current.

Some of the improvements made during this time period
were the development of so-called “nonarcing” electrodes
made of copper or brass, and development of graded multiple
gaps. Even so, the degree of lightning protection was limited
by erratic sparkovers caused by air pressure and humidity and
by electrode erosion resulting from high follow currents.

1908 to 1930: Nonlinear Resistors Based on
Puncturing and Reforming of Films

The first arrester employing a nonlinear valve element
was the aluminum cell arrester introduced in 1908. An
aluminum cell arrester comprised a sphere or horn gap in
series with a tank containing the aluminum cells. The cells,
each rated 300 volts, were inverted cones about 0.3 inches
apart. Electrolyte was poured in the cones to partially fill
them, and the group of cones, still in an inverted position,
was placed in a tank of oil. A film formed on the plates could
be punctured by a lightning discharge, but it would re-form
or “heal” rapidly after the discharge. Current limitation was
very good, but the discharge voltages were high and some-
what erratic. In addition, the arresters were physically large
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and required a considerable amount of maintenance, includ-
ingthe needto close the series gap for an “instant” once each
day. The reason for the daily closure is that the film on the
plates would gradually dissolve when current did not flow,
and the momentary closure allowed current to flow and
re-form the film.

1920 to 1930: Oxide Film Arresters

Oxide Film arresters were produced for transmission ap-
plications from about 1920 to 1930, and a modified version
for distribution applications was produced until ap-
proximately 1955. These arresters consisted of gaps in series
with a number of cells containing lead peroxide. The end
plates of the cells were coated by an insulating film. When
the insulating film was punctured by a surge, the resistance
became low and current flowed. The lead peroxide near the
point of current flow was changed to “red lead and litharge
which have high resistance” by the heat produced by the flow
of power follow current, and the resistance became high
enough for the gaps to clear. The arrester could be operated
many times before the cells required reconditioning.

1930 to 1954: Silicon Carbide Non-Linear
Resistors With Nonactive Gaps

Nonlinear valve blocks made of silicon carbide and a high
temperature bonding system were introduced in 1930.
Valve blocks of this general type were used in station
arresters for approximately 50 years; the voltage across
these blocks was roughly V=Ki with in the range of three
to sixdepending onthesilicon carbide grain andthe bonding
and firing. Most of the changes made were to improve the
lightning discharge capability of the material because protec-
tive levels on switching surge waves were too high for
many of these operations to occur. Furthermore, most
lines were relatively short and, with a few exceptions,
operated at voltages below 230 kv. The silicon carbide
arresters were a considerable improvement over earlier ar-
resters. Discharge voltages were reduced about 40 percent
compared to oxide film arresters. In addition, arrester height
was reduced by 30 percent and physical volume reduced by
nearly 80 percent.

Most of the insulation coordination concepts still in use
were developed during this time period. Adoption of basic
impuise insulation levels in 1941 established an impulse
insulation strength (BIL) for each voltage class of protected
apparatus. Improvements in impulse testing and stand-
ardization of impulse voltage and current wave shapes per-
mitted definitions of margins of protection provided by
arresters. By the late 1940’s, reductions in gap sparkover
levels by gap preionization, and improvements in gap
reliability, primarily as a result of using rubber gasket
materials to resist moisture ingress, made it possible to
protectinsulation one BIL step from the full established level.

1954 to 1976: Silicon Carbide Nonlinear
Valve Elements With Active Gaps

Active arrester gaps are arranged so that a magnetic field
produced by a coil or by some other means moves the power
follow current arc from its point of initiation to a place in the
gap structure where extinction occurs. The time period for
active gap arresters might be divided into two periods.
During the first five to ten years, the active gap arresters did
not limit current, and for about the last 15 years, almost all
station arresters had current-limiting gaps.

Movement of the follow current arc by magnetic action
increases the current-interrupting ability of gaps because
elongation and cooling of the arc results in more reliable
current zero extinction of even fairly high current arcs and
the tendency of the gap to reignite is reduced because the
location where the arc would reignite is comparatively cool.
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An additional advantage of arc movement is that the arc
terminals may be moved from the point of minimum gap
spacing. This movement reduces the tendency to restrike,
and reduces heating and erosion at the point of minimum
spacing so that changes in sparkover are minimized.

Improvement in gap interrupting ability allowed a reduc-
tion in valve element resistance and reduction in arrester
discharge voltage. The discharge voltage reduction, together
with lower sparkover by improved preionization and by less
electrode erosion, made possible further reductions in the
BIL of protected equipment. Arresters made during the first
five to ten years of the period made possible insulation level
reductions of two full steps, 650 kv to 450 kv for 138 kv system
equipment for example. At a system voltage of 345 kv, a level
of voltage just coming into use, the full BIL was never used,
and 1050 kv, a two step reduction, became the normal insula-
tion level for 345 kv.

Valve elements in some of these arresters were designed
to discharge high switching surge currents because applica-
tions at 230 kv were increasing and some 345 kv applications
were being made. The arresters were not expected to provide
much, if any, switching surge protection for other apparatus,
but it was necessary for the arresters to survive if sparked
over on a switching surge.

Current Limitation

In the early 1960’s, the principle of arc movement and
elongation was extended by increasing the magnetic field
strength, increasing the number of gaps per unit of rating,
and using the increased field strength to increase arc length
to the range of seven inches per kv of rating. Arc cooling
caused by the long arcs in contact with relatively cool gap
plate material caused a voltage across the gaps, that,
togetherwith the valve element voltage, was greaterthan the
rated power frequency voltage by an amount sufficient to
force the current to zero within 20 or 30 electrical degrees
under most conditions.

The increase in ability to clear power follow current made
possible a considerable reduction in valve element resis-
tance and discharge voltage. Furthermore, the reduction of
energy required to be absorbed by the valve element be-
cause of the energy absorbed by the gap and the short
duration of current flow made possible a reduction in valve
element size.

Improvements made in the early 1960’s included the use
of porous gap plate material to increase arc cooling, and the
use of gap electrodes configured to reduce the tendency of
high current arcs to “stick,” or fail to move from the point of
arc initiation. The significance of the improvements was that
the improved arresters limited current in circuits capable of
delivering high fault current; they also limited current in
switching surge operations. The gap improvements made
possible operations under severe conditions without change
in gap sparkover. Development of preionizing arrangements
capable of adequate ionization on long wave fronts as well
as on short wave fronts, and development of gap triggering
techniques, made possible controlled and low sparkovers on
slow front switching surges. As a result, a generation of
arresters provided switching surge protection for apparatus
for the first time. Three step reductions in insulation strength
at system voltages of 230 kv and higher became reasonably
common.

In the 1950's, arrester failures caused by external con-
taminants, such as salt or industrial pollutants, began to
appear with frequency sufficient to cause the phenomenon
to be investigated. A number of measures including increas-
ing arrester grading current, modifying sparkover circuitry,
and increasing the creep lengths of housings were imple-
mented. It was found that the use of a single housing instead
of multiple housings reduced the effect of external con-
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taminants to some degree by eliminating paths for transfer
of external leakage current to the interior of the arrester
through the metal and fittings of the multiple housings. In
addition, a significant reduction in arrester height, to be
discussed later, made single housings more economical than
multiple housings of sufficient creep to withstand the effects
of contaminants. For these reasons, most if not all current
limiting gap arresters for use at system voltages up to and
including 345 kv were made using single piece housings.

Most of the arresters manufactured prior to 1960 were
used at relatively low transmission voltages such as 115 kv.
These arresters were usually in multiple housings, and the
height per kv of rating was typically one inch or more. Arresters
for system voltages of 230 kv or 345 kv required some sort of
external support arrangement. Because the demand for ar-
resters for higher voltage systems was becoming greater, some
reduced height and larger diameter arresters were built prior to
1960 to be self supporting at the higher voltages. However, the
reduction in size of internal elements made possible by the use
of current limiting gaps in addition to the use of one piece
housings, made all arresters designed for service at 345 kv
and lower self supporting. Current limiting gap arresters
made in the middle 1960's were about 40 percent of the
height of arresters made in the middle 1950's.

Violent failures of arresters, although infrequent, could
cause severe damage to nearby equipment in stations. Most
arresters were designed with some arrangement to vent the
internal pressure resulting from failure of the internal ele-
ments, but these arrangements were generally not effective
at fault currents experienced on systems after about 1950.
Tests were standardized in the 1960’s to show the level of
fault current that an arrester could withstand without violent
housing failure and minimum values were specified in the
standard. As would be expected, it was found to be extremely
difficult to obtain high pressure relief ratings for arresters for
345 kv systems in single housings which were often more
than 12 feet long. Fortunately, surveys of systems indicated
that fault currents at 345 kv were lower than the currents at
lower voltages and were lower than the expected currents at
higher voltages. This allowed the minimum pressure relief
current for 345 kv system arresters to be set at 25,000
amperes rms symmetrical, and at 40,000 amperes or higher
for other ratings.

Five Hundred and Eight Hundred KV Systems

In the mid 1960’s, it became apparent that 550 kv would
become a reasonably common transmission voltage, and
765 kv was also being introduced. Because the performance
of current limiting gap arresters at the lower voltages was
excellent, the same technology was employed at the higher
voltages with some important modifications:

1. The arrester heights were too great to permit the use of
single housings; therefore, multiple housings with increased
external creep were generally used. Shorter housings al-
lowed a substantial increase in pressure relief capability over
the single housing capability at 345 kv.

2. Protective levels were reduced from the previous levels
at lower voltages. To control sparkovers, even with the in-
creased external creep, it became necessary to treat each
arrester section as part of the whole arrester rather than a
separate entity. For this reason, the units or sections could
not be used as lower voltage arresters.

3. Switching surge energy increases approximately as the
square of the system voltage while arrester rating increases
as the first power of the system voltage; therefore, 550 kv and
765 kv arresters required higher energy discharge capability
than arresters designed for lower voltage systems. Further-
more, it was shown that it was necessary to limit the gap
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voltage to switching surges because: Voltage at the arrester
= Surge voltage — (Current x surge impedance).

When the current was limited too much on switching surges,
the protective level (voltage at the arrester) became too high.
This problem was more severe at 550 kv and 765 kv because
surge impedances were lower than at lower voltages.

The combination of higher energy at high voltage and the
need for the valve elements to absorb most of the energy led
to the use of extra valve elements that could be shunted by
gaps at high currents. After some experience at 550 kv and
765 kv, the levels of switching surges specified by users were
reduced, and the lower surge levels in combination with
valve elementimprovement made it possible to eliminate the
shunted sections.

It was shown that the triggered gaps used to provide low
and controlled sparkovers were so stable that they would not
restrike even when subjected to overvoltages in the range of
1.25 times arrester rating after a high energy arrester dis-
charge. This capability, subsequently extended to lower volt-
age arresters, permitted a considerable simplification of
arrester applications on many systems.

1976 to present: Zinc Oxide Arresters

Production of zinc oxide valve elements capable of
withstanding system voltage without series gaps began in
1976. The valve elements, made of zinc oxide with a number
of additives to produce desired characteristics, are in the
form of disks with the cross sectional area approximately
proportional to the energy the disk must dissipate in a high
energy operation, and the length approximately proportional
t50 the voltage rating assigned to the disk.

For valve elements 3 inches in diameter, a current change
of five orders of magnitude, 0.1 amperes to 10,000 amperes,
results in a voltage increase of approximately 50 percent.
Energy dissipating ability on a volume basis of a zinc oxide
valve element is more than twice the discharge capability of
a silicon carbide valve element and series gap. That is, a 3
inch diameter set of zinc oxide valve elements about 2.1
inches tall can dissipate about as much energy as a 3 inch
diameter silicon carbide valve element and a current limiting
gap each 2.2 inches tall.

Protective margins of silicon carbide arresters with cur-
rent-limiting gaps were cvonsidered adequate on 8/20 cur-
rent waves; therefore, the zinc oxide arrester discharge
voltages were set at approximately the same level. Because
of the moderate changes in discharge voltages of zinc oxide
disks with current magnitude and wave shape, protective
margins on fast fronts and on switching surges are improved
over the same characteristics of silicon carbide arresters.

With the need for series gaps eliminated and with the
voltage grading provided by the zinc oxide valve elements,
it became possible to use multiple housings having
reasonable creep lengths at all voltage levels. Because the
housings are relatively short, zinc oxide arresters are usually
designed for pressure relief ratings of around 65,000
amperes rms symmetrical.

Heights have been reduced by only about 10 percent
compared to silicon carbide arresters because of external
flashover limitations. However, the reduced housing
diameters made possible by the small size of the internal
elements have resulted in a weight reduction of about 50
percent.

Itis not possible to compare the arresters of 100 years ago
or even 50 years ago in detail because of differences in
testing techniques and differences in the way in which the
information is recorded. However, an approximate table of
sparkovers, discharge voltages, and arrester height is shown
in Table 1.

{Please turn to page 40)
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Sakshaug (continued from page 13)

Table 1.
Change in Protection 1930-1985
Year Rating Sparkover kv Crest Discharge Voltages On 8/20 Switching Height
kv rms Waves kv Crest Surge PL Inches
kv Crest

Front of 1.2 x50 or 5k 10k

Wave 12 x 4
1930 161 870 1000 224
1945 195 688 624 640 704 224
1954 195 542 449 496 544 507 224
1965 192 560 460 382 427 453 98.5
1975 192 538 427 382 427 426 98.5
1985 192 509 — 426 450 372 89

As illustrated, the development of the surge arrester technology has allowed significantly lower protective levels with each
new generation of arrester. Modern arresters now protect terminal insulation and, in some applications, transmission line
insulation. Arresters are applied at all voltage levels, including UHV, and offer consistent reliable protection against a
spectrum of lightning and system overvoltages.
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