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The Transformer

Just a century ago, the transformer made
the distribution of electric power a practical
endeavor. Many elements of modern life de-
pend on it, yet it vemains one of technology’s
unsung heroes. This article by Jobn
Coltman is adapted from bis article that
was published in the January 1988 issue of
Scientific American magazine (© 1997
by Scientific American, Inc. All rights re-
served). Line drawings are by artist Hank
Tken. The historical content, and tutorial
aspects, should be of interest to IAS members,
especially to graduates of recent years, in
which computer technology has dominated
electrical engineering curricula.

Jobn is vetived from Westinghouse Elec-
tric Corporation where he was Director of
RED Planning for the Research & Devel-
opment Laboratories. John holds a Ph.D.
(1941) from the University of 1/linois and
isan IEEE Fellow (1955) “for his contri-
butions to the fields of microwave technolo-
gies, X-ray applications, and nuclear
studies.” Other awards include: Fellow,
American Physical Society; Edward
Longstreth Medal, Franklin Institute;
Westinghouse Order of Merit; Roentgen
Medal, Remscheid, Germany; National
Academy of Engineering; and Gold
Medal, Radiological Society of North
America.—FAF

he technological revo-
lution that has shaped
civilization since the
1880s sprang from fun-
damental advances in
communications, transportation, and
electric power. The crowning achieve-
ments of inventors in communica-
tions and transportation—the
telephone, television, automobile,
and airplane—are, by now, familiar
fixtures of everyday life. In contrast,

John W. Coltman, Guest Author

the invention that ensured the
ubiquity of electric power goes largely
unrecognized by those whose lives are
touched by it. It is a device that does
not move, is almost totally silent, and
is typically hidden in underground
vaults or stowed behind screens.

That device is the transformer, an
ingenious instrument developed late
in the 19th century. The transformer
is an essential component of modern
electric power systems. Simply put, it
can convert electricity with a low cur-
rent and a high voltage into electricity
with a high current and a low voltage
(and vice versa) with almost no loss of
energy. The conversion is important
because electric power is transmitted
most efficiently at high voltages but is
best generated and used at low volt-
ages. Were it not for transformers, the
distance separating generators from
consumers would have to be mini-
mized; many households and indus-
tries would require their own power
stations, and electricity would be a
much less practical form of energy.

In addition to its role in electric
power systems, the transformer is an
integral component of many things
that run on electricity. Desk lamps,
battery chargers, toy trains, and tele-
vision sets all rely on transformers to
cut or boost voltage. In its multiplic-
ity of applications, the transformer
can range from tiny assemblies the
size of a pea to behemoths weighing
500 tons or more. This article will fo-
cus on the transformers in power sys-
tems, but the principles that govern
the function of electrical transform-
ers are the same regardless of size or
application.

The English physicist Michael Fara-
day discovered the basic action of the
transformer during his pioneering in-
vestigations of electricity in 1831.
Some 50 years later, the advent of a
practical transformer, containing all
the essential elements of the modern
instrument, revolutionized the infant
electric-lighting industry. By the turn
of the century, ac power systems had
been universally adopted and the trans-
former had assumed a key role in elec-
trical transmission and distribution.

Yet, the transformer’s tale does not
end in 1900. Today’s transformers can
handle 500 times the power and 15
times the voltage of their turn-of-
the-century ancestors; the weight per
unit of power has dropped by a factor of
10, and efficiency typically exceeds
99%. These advances reflect the mar-
riage of theoretical inquiry and engi-
neering that first elucidated and then
exploited the phenomena governing
transformer action.

Foundations
Faraday’s investigations were inspired
by the Danish physicist Hans Chris-
tian Oersted, who had shown in 1820
that an electric current flowing
through a conducting material cre-
ated a magnetic field around the con-
ductor. At the time, Oersted’s
discovery was considered remarkable
since electricity and magnetism were
thought to be separate and unrelated
forces. Ifan electric current could gen-
erate a magnetic field, it seemed likely
that a magnetic field could give rise to
an electric current.

In 1831, Faraday demonstrated
that, in order for a magnetic field to
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induce a current in a conductor, the
field had to be changing. Faraday
caused the strength of the field to fluc-
tuate by making and breaking the
electric circuit generating the field.
(The same effect can be achieved with
a current whose direction alternates in
time.) This fascinating interaction of
electricity and magnetism came to be
known as electromagnetic induction.

Faraday left his ruminations with-
out carrying them much further, cet-
tain that other inventors would pick
up where he left off. Actually, for sev-
eral decades there simply were no gen-
eral applications for transformer-like
devices. Initial experiments with
“inductors” having a single wire
wrapped around an iron core were
marked by wonder at their ability to
generate sparks when the current sup-
plied to the coil was interrupted.
Among the eminent scholars who ex-
plored this phenomenon was the
American Joseph Henry, first secre-
tary and director of the Smithsonian
Institution, after whom the unit of in-
duction is named.

The simple relations in an ideal
transformer were by no means clear to
the early experimenters. The arrange-
ments they worked with were far from
ideal, and the combined phenomena
of self and mutual induction, with
poorly coupled coils and imperfect
iron, gave rise to much complex and
mysterious behavior.

During this period of experimenta-
tion, it became apparent that currents
circulating in solid metal cores were
wasting energy. In order to minimize
these so-called eddy currents, cores
were constructed that were
nonconducting in the direction per-
pendicular to the magnetic lines of
force in the transformer. This was ac-
complished by making the core out of
astraight bundle of iron wire (Fig. 1).

All the work of that period was car-
ried out with batteries as power
sources, the primary circuit being
closed and opened to produce the nec-

essary changing current. In the
1860’s, the introduction of the dy-
namo—an electric generator also
based on Faraday’s insights—made ac
generally available.

The first person to connect a trans-
former to an ac source was Sir William
Grove, who needed high-voltage
power for his laboratory work. In the
absence of an obvious commercial ap-
plication, however, the significance of
the arrangement was overlooked, and it
remained obscure until Thomas Alva
Edison began to promote the idea of an
electric-lighting system in the 1880s.

Electric Lighting
When Edison launched his scheme,
light bulbs equipped with platinum
filaments heated by electric current
were already available. Arc lamps, us-
ing carbon electrodes, were also in use.
Both kinds of lamps worked well, but
their electrical characteristics placed
some constraints on the way they
could be wired together. In particular,
the lamps had to be connected in series
in one continuous circuit, so that all
the lights in the system had to be
turned on or off simultaneously.
Although such an arrangement
was acceptable for applications such as
street lighting, the inability to turn
individual lamps on and off at will and
the very high voltages present in the
system when a large number of lamps
were joined in series militated against
series electric lighting in houses and
small installations. On the other
hand, parallel systems, in which each
lamp operates on its own “subcircuit,”
required impracticably large copper
conductors to supply the low-resis-
tance, high-current lamps of the day.
Edison’s major accomplishment was
the introduction of a carbon-filament
lamp that, because of its high resis-
tance, made parallel connection feasi-
ble. Edison opened the first
commercial lighting plant in 1882 in
New York City using carbon-filament
lamps and a dc power generator.

Photo of Faraday’s original trans-
former (courtesy MIT Burndy Library).

The Introduction of Transformers
into Lighting Systems
At about the same time transformers
were first incorporated in an elec-
tric-lighting system in England,
Lucien H. Gaulard and John D.
Gibbs—a French inventor and an Eng-
lish promoter—used a form of trans-
former to add incandescent lamps to an
ac arc-lighting system. Because the arc
lamps were connected in series, with a
fixed current running through the cir-
cuit, the low-impedance primaries of
their transformers were placed in series
with the arc lamps. The voltage of the
secondary was available to operate
lamps that could be turned on or off
with little effect on the arc-lighting
system. Gaulard and Gibbs were
granted a patent for the device, which
they called the secondary generator, in
1882, and they demonstrated their sys-
tem in England in 1883 and in Italy in
1884. The secondary generator was not
a very practical piece of equipment; it
saw little actual use, but it stimulated
thought among other inventors.
Among those who became inter-
ested in Gaulard and Gibbs’s work
were three Hungarian engineers from
Ganz and Company in Budapest.
They saw the demonstration in Italy
and recognized the disadvantages of
series connection. When they re-
turned to Budapest, Max Deri, Otto
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TRANSFORMER PRINCIPLES REVIEWED

nduction can best be understood in terms of lines of force, a convention Faraday intfroduced in order to describe

the direction and strength of a magnetic field. The lines of force for the magnetic field generated by a currentin a
loop of wire are shown below. If a second, independent loop of wire isimmersed in this field, and if the field changes
with fime, a voltage will be induced in the loop that is proportional to the time rate of change of the number of force
lines enclosed by the loop.

If the loop has two turns, such induction occursin each turn and twice the voltage results. If aloop has three turns,
three times the voltage results, and so on. In a fransformer, the loop of wire that is fed the current and generates the
magnetic fieldis called the primary. The loop that intercepts the field is called the secondary. Induction between the
primary and the secondary is mutual; that is, a current flowing in the secondary willinduce a voltage in the primary in
the same way as the primary induces a voltage in the secondary. Furthermore, since the primary loop encloses its
ownlines of force, it caninduce a voltage initself. This process is known as self-induction, and it takes place in the sec-
ondary as well.

The concurrent phenomena of mutual induction between the coils and self-induction in each coil are at the
heart of transformer action. In order for a power transformer to do its job effectively, the coils must be almost perfectly
coupled and have high self-induction. That is, almost all the lines of force enclosed by the primary must also be en-
closed by the secondary, and the number of force lines pro-
duced by a given rate of change of current must be high.
Both conditions can be met by wrapping the primary and
secondary coils around aniron core as Faraday did in his first
experiments. Ironincreases the number of lines of force gen-
erated by a factor of about 10,000, a property known as
permeability. It also constrains the lines so that the primary
and secondary coils can be spatially separated and still be
closely coupled magnetically.

In anideal fransformer, all the lines of force go through all
the turns in both coils. Since a changing magnetic field pro-
duces the same voltage in each turn of a coil, the total volt-
age induced in a coil is proportional to the total number of
turns in that coil.

If no energy is lostin the transformer, the power available
inthe secondary must be equal to the power fed into the pri-
mary. In other words, the product of the secondary voltage
and the secondary current equals the product of the pri-
mary voltage and the primary current. Thus, the two currents
must be inversely proportional to the two voltages, and,
therefore, inversely proportional to the turns ratio between
Lines of force describe the magnetic field emanat- the two coils. (The expressions of power are true only if the
currents and voltages are in phase.)

Such anideal fransformer provides the electrical engi-
neer with a tool quite analogous o the lever in mechan-
field intercepts the lines (color); if the magnetic field ics, but instead of converting force and motion, the
transformer deals in voltage and current. Instead of le-
ver-arm length ratio, the fturns ratio is the operative fea-
fure of the instrument. Of course, the ideal transformer has
known as electromagnetic induction, is the founda- notyetbeen devised, butit has been closely approached
in practice. Iron cores are essential components of all
modern power transformers, and copper, because of its
low electrical resistance, was and sfill is the material of
choice for the coils.

Current

/

ing from a coil of wire (the primary) carrying a cur-
rent. A second coil (the secondary) placed in the

is fluctuating, asitis fed ac, it willinduce a voltage in

the secondary coil. This phenomenon, which is

tion of fransformer action.
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T. Blathy, and Karl Zipernowski built
several transformers for parallel con-
nection to a generator. The engineers
designed two types of transformers
having closed cores of iron wire that
were much more efficient than those
with straight wire-bundle cores (Fig.
2). One design had conductors wound
around a toroidal, or dough-
nut-shaped, core. The other had the
wires of the iron core wound around a
toroidal bundle of conductors.

In May 1885, at the Hungarian
National Exhibition in Budapest,
Deri, Blathy, and Zipernowski dem-
onstrated what is generally considered
to be the prototype of today’s lighting
systems. Their system included 75
transformers in parallel connection,
powering 1,067 incandescent Edison
lamps from an ac generator supplying
1,350 V. The transformers had toroid-
al iron cores with the conductors
wound laboriously around them. Al-
though they were expensive to build,
they were efficient enough to feasibly

carry out the function for which they
were designed: to operate low-voltage
lamps from a high voltage distribu-
tion system.

George Westinghouse

and William Stanley

An American named George West-
inghouse was also impressed by the
Gaulard and Gibbs demonstration in
Ttaly. In the 1880’s, Westinghouse,
already an established inventor and
industrialist, was working on the dis-
tribution of natural gas for illumina-
tion. At the time of Edison’s success
he became interested in electric
power, but he was wary of its applica-
bility. His skepticism was well
founded: in a parallel system, the in-
creased load demands increased cur-
rent, and a load the size of a city would
require huge amounts of current. But
transmission of high current demands
low resistance conductors; it would be
necessary either to send the power
over large copper conductors, or build

generating plants quite close to their
loads, scattering many small plants
throughout a large city.

Efficient transmission of
high-voltage power, on the other
hand, was possible with relatively
small conductors, and many people
were looking for ways to transmit
electric energy at voltages higher than
those required at the point of applica-
tion. In 1884, Westinghouse hired a
young engineer, William Stanley,
who already had some ideas about
solving the problem with transform-
ers. When he heard about Gaulard and
Gibbs’s work, he encouraged West-
inghouse to take an option on the
transformer patents. Stanley was con-
vinced of the superiority of parallel
connection; by the early summer of
1885, he had designed some closed-
core transformers.

Soon afterward health problems
made it prudent for Stanley to set up a
laboratory away from the smoky Pitts-
burgh atmosphere. With Westing-
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High-Voltage
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Two transformer designs illustrate different approaches to core structure and wiring. Both cores are made from stacked

laminations stamped out of iron sheets. In the design at the left, called core form, the primary encloses one arm of the core and

the secondary the other. The shell-form core at the right is made up of E-shaped stampings with the primary and secondary coils

nested together on the middle bar. In three-phase transformers the coils are nested on all three bars (see Fig. 4)
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This Stanley transformer from the

first ac power station in Great
Barrington, Massachusetts, dates from
1885. The fransformer is about a foot
long; copper windings wrapped with
cotton protrude between wood
endpieces at the left. The middle arm of
E-shaped iron laminations was slid into
the prewound coil in alternating direc-
tions. The ends of the othertwo arms are
visible as dense regions at the top and

bottom of the laminations.

house’s approval, he moved to Great
Barrington, Massachusetts, and con-
tinued his work on transformers. In
the meantime, Westinghouse, who
was not entirely convinced of the wis-
dom of parallel connection, explored
various combinations of the Gaulard
and Gibbs secondary generators with
another pioneer in electrical engineer-
ing, Oliver B. Shallenberger.

By December 1885, Stanley had
made enough progress to win West-
inghouse over. With the help of
Shallenberger and another brilliant
engineer, Albert Schmid, Westing-
house set about modifying Stanley’s
transformer (Fig. 3) so that it (unlike
the Hungarian toroidal type) could be
manufactured easily and cheaply. The
core was made of thin sheets of iron
cut in the form of the letter H. Coils of
insulated copper wire were wound
around the crossbar of the H, and the

ends of the H were closed with sepa-
rate strips of iron. Stanley suggested
making the iron stampings in the
form of an E so that the center prongs
could be slid into a prewound coil.
The E-shaped stampings were in-
serted in alternating directions, and
straight pieces of iron were laid across
the ends of the arms to complete the
magnetic circuit. This construction is
still common today.

The Westinghouse Electric Com-
pany was chartered in January, 1886.
Over the next few months, Westing-
house and his associates patented the
process for inserting stacked iron
laminations into prewound coils, the
provisions for cooling and insulating
the transformer by immersion in oil,
and the packaging of the assembly ina
hermetically sealed container. Stanley
constructed and installed several
transformers in Great Barrington and
wired the system for 500-V distribu-
tion from the laboratory to the town
center, a distance of almost 1 mi. To
demonstrate the possibility of effi-
cient transmission over longer dis-
tances, he also used transformers to
step up the electric power to 3,000 V
and then cut it down to 500 V before
sending it out on the town line. On 16
March 1886, Stanley’s plant went into
service. It was a great success, and
Westinghouse proceeded to establish
facilities for the manufacture and sale
of equipment for distributing ac elec-
tric power.

Rapid Growth
of the AC System

Edison and his associates fought the ac
system in both the courts and the
press, but theirs was a losing battle.
The polyphase motor invented by
Nikola Tesla provided an efficient
way to utilize ac, and Shallenberger’s
invention of the ac watt-hour meter
made it possible to accurately bill cus-
tomers for energy consumption.
These two inventions, together with
the low cost of transmitting ac, gave

the ac system a flexibility and conve-
nience that soon relegated dc systems
to a few specialized applications.

The next decade saw the rapid
growth of ac electric power systems,
marked by achievements such as the
lighting of the 1893 World’s Fair in
Chicago and the installation of huge
5,000-hp hydroelectric generators at
Niagara Falls. The first two of these
went into service in 1895. Along with
the staggering growth of electric
power generating capability came
great increases in the size of trans-
formers. In 1895, a furnace at the Car-
borundum Company in Niagara Falls
employed a transformer rated at 750
kVA. Five years later, some trans-
formers were rated at 2,000 kVA and
operated at 50,000 V.

It could be argued that the trans-
former built at the turn of the 20th
century was already a mature product;
the essential features of the device re-
main unchanged to this day. In fact,
however, the transformer continued
to evolve. Although it is still a cooled
and insulated assemblage of iron lami-
nations and copper coils, the improve-
ment in transformer performance
since 1900 has been quite remarkable.
Modern transformers can operate at
765 kV, handle more than a million
kVA, and have lifetimes of 25-40
years. These improvements give testi-
mony to the efficacy of the industrial
research process, a process whose rapid
growth was closely associated with the
rise of the electric power industry. The
practitioners of industrial research,
driven by a competitive system that
rewards maximum performance at
minimum cost, seek an understand-
ing of natural phenomena in order to
develop new products and processes
and improve old ones. Competition
provides the impetus for eliminating
the limitations imposed by materials
while, at the same time, giving rise to
better designs and fabrication meth-
ods that take advantage of improved
materials and fresh insight.
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The parameters that characterize
the ideal transformer depend to a large
extent on the properties of the core,
and it is in the core that the most sig-
nificant advances have been made.
The properties that are important in
core materials are permeability, satu-
ration, resistivity, and hysteresis loss.
Permeability, as mentioned earlier,
refers to the number of lines of force a
material produces in response to a
given magnetizing influence. Satura-
tion designates the point at which the
material’s ability to amplify an exter-
nal magnetizing force reaches a pla-
teau. These two properties define the
power-handling capability of the core.
Electrical resistivity is desirable in the
core because it minimizes energy
losses due to eddy currents.

In contrast, hysteresis, the “mem-
ory effect” in magnetic materials, un-
dermines the efficiency of transformer
action. Because of the interactions
among groups of magnetized atoms,
the effects of magnetization tend to
“stick” in a material, so that, if the
magnetizing force is lowered tempo-
rarily, the material does not respond
right away. In a transformer, this lag
translates into energy wasted during
every cycle of ac. Throughout the his-
tory of core development, the goal of
the engineer has been to increase per-
meability, saturation, and resistivity
while decreasing hysteresis losses.

One of the more important tools in
this quest is the B-H curve, which
graphically describes the relation in a
given magnetized material among
permeability, saturation, and hyster-
esis. It is a plot of the number of lines
of force induced in a material (B) as a
function of a varying magnetizing
force (H). Shaped like an integral sign,
tapered at each end, the curve is traced
out on each of the cycles of the alter-
nating driving current. Its slope corre-
sponds to the permeability, the point
at which it levels out at the top (or
bottom) is the saturation value, and

the area under the curve corresponds
to the hysteresis.

The goal of the scientist has been to
find out how these properties are re-
lated to the physical constitution of
iron. Each property depends on coop-
erative interactions among the atoms
in elementary magnets, which are af-
fected by the crystal structure of iron
and the presence of other elements and
imperfections. The study of these
complicated interactions is called do-
main theory; the insight it provides
guides experimenters in their search
for better transformer materials.

The thin wrought-iron sheets of
which cores were made in the first
Stanley-Westinghouse transformers
had substantial hysteresis losses. These
were gradually lessened by selecting
iron from particular manufacturing
sources so that the losses had been cut
in half by the year 1900. Aging of the
material was a problem; as the trans-
former grew older, hysteresis losses be-
came progressively worse.

In the early 1900s, an English met-
allurgist, Robert A. Hadfield, was en-
gaged in a long series of experiments
aimed at determining how the proper-
ties of iron were affected by the addi-
tion of other elements. In a number of
papers, Hadfield and his colleagues re-
vealed the potential of silicon iron as a
core material. Adding silicon to iron
reduced hysteresis losses, increased
permeability, virtually eliminated ag-
ing, and increased the electrical resis-
tivity of the metal. Silicon iron,
however, proved to be intractable to
manufacture, and it was seven years
before Hadfield’s company delivered
its first ton of transformer sheet. In the
ensuing 17 years, silicon iron saved
the electrical industry about $340
million—an enormous amount of
money in the 1920s.

The next leap forward in core tech-
nology had its roots in the early
1930s, when the American metallur-
gist Norman P. Goss of the Cold
Metal Process Company found that

combined rolling and heat treatment
of silicon iron produced a sheet with
outstanding magnetic properties in
the direction of the rolling. Goss did
not realize it, but the effect of the pro-
cess was to align the major axes of the
iron crystals in the same direction,
producing a cooperative magnetic in-
teraction. When a core made from
such a material was oriented properly
in a transformer, the saturation im-
proved 50%, the hysteresis losses
dropped by a factor of four, and the
permeability increased fivefold.

Again, the translation of that dis-
covery into a method of production of
satisfactory iron sheet was long and
painful. The Westinghouse Electric
Corporation and the American
Rolling Mill Company (ARMCO)
teamed up to develop suitable pro-
cesses, as did the General Electric
Company and the Allegheny Ludlum
Steel Company. Cross-licensing be-
tween the two groups enabled trans-
former manufacturers to exploit one
another’s advances.

The requirement for a specific ori-
entation of the metal in the core also
necessitated substantial changes in the
manufacturing of the core. No longer
could a simple E form be stamped out
of an iron sheet; in order to achieve op-
timal results, each leg of the E had to be
made from a separate punching. Alto-
gether, Goss’s discovery did not be-
come commercial reality until 1941,
but its subsequent effect on trans-
former improvement was substantial.

Insulation And Cooling

Also bearing on the transformer’s per-
formance are electrical insulation and
cooling systems. These two systems
are intimately related because the
amount of heat the core and conduc-
tors generate determines the longev-
ity of the insulation, and the
insulation itself—whether solid, lig-
uid, or gas—serves to carry off some of
the heat. Temperatures inside a trans-
former unit typically reach 100 °C, the
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high-voltage power lines lead to and from the coils through ceramic bushings. Inside the fransformer, coils and core are

The typical modern transformer is submerged in oil for insulation and cooling and is sealed in an airtight tank. Low- and
packed close together to minimize electrical losses and material costs. The oil coolant circulates by convection through ex-

ternal radiators. In large transformers cooling is expedited by attaching fans to the radiators and circulation the oil with
pumps.
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boiling point of water. Under such
conditions, deterioration of the insu-
lating materials can limit the lifetime
of a transformer.

Air provided the only insulation
and cooling in the first Stanley trans-
formers; the cotton that covered the
conductors served mostly to hold
them apart. Soon afterward, George
Westinghouse immersed the entire
transformer in a tank of oil and spaced
the laminations in the core so that the
oil could circulate by convection
among them. The insulating proper-
ties of oil-soaked cotton turned out to
be superior to those of dry cotton in
air, and the combination of circulat-
ing oil and a variety of oil-impreg-
nated cellulose materials, such as
Kraft paper, became a standard that is
still widely employed today (Fig. 4).

Although oils are inexpensive and
effective as insulators and coolants,
their flammability makes them unac-
ceptable for units placed inside build-
ings. Chlorinated hydrocarbon
liquids (PCBs), introduced in 1932,
are not flammable and were once used
extensively, but the recent discovery
that such compounds have long-term
toxic effects has prompted a ban on
their use. Some transformers rely on
air or nitrogen and glass-based insula-
tors. These are essentially fireproof
and can be installed indoors. The
breakdown strength of the gas is
sometimes enhanced by the addition
of small quantities of fluorocarbons.
Other dry transformers depend on
cast-resin insulation made of poly-
merizing liquids that harden into
high-integrity solids.

Technical progress in heat removal
is largely responsible for reducing the
overall size of the transformer assem-
bly. At first, transformers insulated
with oil relied on natural convection
to circulate the coolant, but now,

rather elaborate means of removing
heat from the oil have been devised.
Many units have fan-cooled, external
radiators through which the oil-circu-
lates by convection or pumping.

Engineers have also been experi-
menting for many years with vapor
cooling, in which a nonconducting
liquid with a low boiling point vapor-
izes when it comes in contact with hot
parts, is transported as a gas to a sepa-
rate compartment, and condenses
there. Several transformers that have
vapor-cooling systems are in opera-
tion, but their cost is not yet competi-
tive with that of conventional units.
The technology still holds promise
and is being actively pursued.

The Future

As the transformer enters its second
century of service, it is not easy to pre-
dict how its evolution will proceed.
Research on amorphous metals (metals
that essentially have no crystal struc-
ture) has elicited some very promising
magnetic properties, but economical
methods of producing such materials
have yet to be demonstrated. Super-
conducting transformers, whose coils
have no electrical resistance, have been
built for demonstration in laboratories,
but they must be operated at cryogenic
temperatures so they, too, are still im-
practical. Even though such experi-
ments promise technical advances, the
overcapacity that has characterized the
electric power industry during the last
decade or so has discouraged moves to
radically change the way transformers
are made. The present increased de-
mand for electric power may change
this situation.

Finally, one might ask, “Is the
transformer here to stay?” Solid-state
circuitry has greatly reduced or elimi-
nated the need for transformers in
small electronic apparatus, such as ra-

dios, sound systems, and television
sets. The availability of much larger
solid-state devices has made it feasi-
ble, in some cases, to transmit
high-voltage electric power as dc
rather than ac, although transformers
are still required in the conversion
process. These are hints, however, that
solid-state devices could take over
some of the jobs of transformers in
power systems.

The recent breakthroughs in high
temperature superconductivity have
raised hopes that materials might be
found that are superconducting at
room temperature. If they are, and if
they can carry very large currents, the
distribution of electricity as low-volt-
age dc, rather than as ac, might be-
come practical. Even at temperatures
presently achievable, it is speculated
that superconductor transmission
might become economical. The eco-
nomical feasibility of such a drastic
change in the way power is distrib-
uted has yet to be demonstrated.

In view of such advances and the
unpredictable history of technological
change, it would be foolhardy to
maintain that the transformer will be
here forever. But it seems very likely
that the transformer will serve during
its second century as it did in its first:
silently, efficiently, and unobtru-
sively supporting the electric power
systems on which so much of modern
life depends.

Further Reading

[11H.G. Prout, A Life of George Westinghouse. New
York: Scribner, 1922

[21 M. MacLaren, The Rise of the Electrical Industry
during the Nineteenth Century. Princeton, NJ:
Princeton Univ. Press, 1943

{31 J.H. Bechtold and G.W. Wiener, “History of
soft magnet materials,” in The Metallurgical
Sociery Conferences, vol. 27, C.S. Smith, ed. New
York: Gordon and Breach, 1965. |AS

Authorized licensed use limited to: IEEE Xplore. Downloaded on September 27,2024 at 22:40:11 UTC from IEEE Xplore. Restrictions apply.

SVI/9340°3331'"MMM « 200C 934 | NVI o INIZVOVW SNOILVODITddV AdLSNANI 3331

—_
(3]



