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INFORMATION FOR THE AMATEUR DESIGNER OF
TRANSFORMERS FOR 25- TO 60-CYCLE CIRCUITS

By Herbert B. Brooks

ABSTRACT

Information is given to assist the amateur designer of transformers for use on
ordinary power frequencies. Most of the usual computation is avoided by the
use of graphs which give the cross section of the core, the number of turns of
wire per volt, the sizes of wire, the regulation, the iron loss and the copper loss, the
weight of iron and of copper, and the full-load efficiency. Information is given
on various kinds of magnet wire. Methods of constructing the coils and of
assembling the core are given, with special directions for three cases, namely
large currents at a low voltage, windings with low-voltage taps, and transformers
to have good regulation with inductive loads at low power factor. The method of
design is intended primarily for the usual frequency of 60 cycles, but may be
readily adapted to 50 cycles and to 25 cycles. The range of output is from 1 volt-
ampere to 10 kilovolt-amperes, that is, from 1 watt to 10 kilowatts at unity power
factor. A list of firms from whom the amateur may purchase magnet wire and
transformer steel sheets is given.
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I. OBJECT OF THIS CIRCULAR

The elementary information in ‘this. circular is intended to assist
the amateur in the design of small and medium-size single-phase
transformers for operation on the usual power freguencies. It is
assumed that one, transformer, or at most only & few transformers
are to be built, and-that successful operation with good efficiency
and reasonable cost is the goal, racher than high efficiency with the
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minimum weight and cost, which are so important when transformers
are to be designed for quantity production and a competitive market.
It is assumed that the reader has a general idea of the construction
of a transformer, but that he does not have the engineering training
necessary in the use of the more technical and elaborate design pro-
cedures given in textbooks and engineering handbooks. The design
procedure here given reduces computation to a minimum, largely by
thel use of straight-line graphs to logarithmic and semilogarithmic
scales.

II. DEFINITIONS

A transformer consists, in principle, of an iron core having a winding
adapted to be connected to a source of alternating currents and one
or several other windings in which alternating voltages are induced
and from which alternating currents may flow through suitable circuits
or “loads”. '

The primary winding is the one which in operation receives elec-
trical energy from a source, and the secondary windings are those
which supply currents to the loads. Since the action of a transformer
is reversible, the terms “primary’’ and “secondary’ are sometimes
indefinite, and in such cases it is better to use terms such as “high-
voltage winding”’ and “low-voltage winding”’. Power transformers
designed by amateurs, however, will near%y always operate from
ordinary house circuits of about 110 volts, consequently the terms
“primary’’ and “secondary” are not ambiguous.

I1I. MATHEMATICAL BASIS FOR THE
DESIGN PROCEDURE

The general relations on which the graphs in this circular are based
are given by Fortescue (Standard Handbook for Electrical Engineers,
6th ed., p. 661) in the following form:

Area of core varies 8s_ ..o Pt
Area of winding space varies as_ . __ .. ... _________.._ Pf s
Turns per volt varies as__ .. ____ P

Weight varies as_..___._____

Cost of materials varies as_ .

Percentage loss varies as____
In the above expressions P denotes the rated power output of the
transformer in watts, with a load of unity power factor. For the
purposes of this circular, the core-type transformer is chosen and the
section of the core which is surrounded by the windings is assumed to
be square. It is frequently necessary to refer to the length of the
side of this square cross section. If this quantity be denoted by S,
it follows from the first relation just given that S varies as P%, and
from first and third that the value of turns per volt varies as S~

IV. GENERAL BASIS FOR THE DESIGN

There is a great deal of flexibility in the design of a transformer; one
can use a relatively small core and a relatively large number of turns
of wire per volt, or vice versa. In the first case the transformer will
be unnecessarily expensive because of the relatively smail amount of
cheap iron and the relatively large amount of expensive insulated
copper wire. Such a transformer may be preferable to a normal design
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if it is to be connected to the line 24 hours a day and it is desired
to reduce the iron losses which must be supplied continually. It will,
however, have larger copper losses during the load period than a
transformer of balanced design. The graphs and data in this circular
have been prepared with the intention of furnishing designs in which
the cost of steel and that of copper are reasonably balanced. The
efficiency at full load is relatively high, and the cross section of copper
in the windings is sufficiently liberal to permit continuous operation
with a secondary current 25 to 50 percent greater than.the rated
value. The design procedure may, however, be used to lay out trans-
formers of smaller size which should not be operated above the normal
rating. The procedure is laid out primarily for designing transformers
to be operated on 60-cycle current. Instructions for modifying the
procedure to make it apply to other power frequencies are givenin a
later section of this circular.

V. RATING OF A TRANSFORMER

The rated output of a small transformer is often expressed in watts
at a given voltage (unity power factor being understood) but is
preferably stated in volt-amperes because it is this quantity which
sets the limit, regardless of the power factor. If the transformer has
only one secondary winding, the rated output in volt-amperes is
equal to the product of the rated secondary voltage by the rated
secondary current. If there are two or more secondary windings, the
sum of all such products is the rated output.

VI. THE TRANSFORMER CORE

The core should be made of sheet steel of the type usually known as
transformer steel, which contains from 3.5 to 4 percent of silicon.
The preferable thickness is no. 29 U. S. standard sheet gage, that is,
0.014 inch. Ordinary sheet iron is not suitable for the construction
of transformers in accordance with the design procedure of this cir-
cular. The core-type transformer assumed in this design can be

- readily constructed from simple rectangular strips.

The general proportions of the core are indicted in figure 1, which
is intended merely as a guide. The dimension S is the side of the
square cross section previously referred to, and the open space (the
“window”’) of dimensions 1.58 by 2.4S provides space for the wind-
ings. In the interest of economy of material and efficiency of opera-
tion this window is made only large enough to provide room for suit-

. able windings. In relatively small transformers one or both of these
dimensions may need to be increased because of the relatively greater
amount of space required for insulation. In relatively large trans-
formers it may be found possible to reduce one or both of these dimen-
sions, Fixing the dimensions of the window also fixes the core dimen-
sions marked 3.58 and 4.4S in figure 1. The standard proportions
given in this figure may be expected to hold for transformers with
rated output o% about 500 volt-amperes, for voltages of about 300
volts and less. Voltages of several thousand volts, in small trans-
formers, will require more space for insulation and will need a window
relatively larger than that of figure 1.
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The value of S may be found without calculation by the use of the
graphs of figure 2. Before choosing a value, however, the designer
should decigtlau on the overload characteristics required of the trans-
former. Because apparatus for general experimental purposes is
often overloaded, the basis of the designs covered by this circular is a
liberal one, and transformers of 1,000 volt-amperes rating and less,
made according to this basis, may be expected to carry for an indefi-
nite time, 50 percent more than rated current, transformers of over
1,000 volt-amperes, 25 percent more than rated current. If the con-
ditions are definitely known in advance to be such that the trans-
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Ficure 1.—Diagrammatic sketch of transformer core, showing suggested general
proportions in terms of S, the side of the square cross section.

former will never be used for currents greater than rated current, and
if somewhat greater temperature rise and slightly lower efficiency
than would be had with the standard design are not objectionable,
the core may be designed for a rating in volt-amperes of two-thirds
the actual maximum output desired, for 1,000 volt-amperes and
below, or four-fifths the actual desired output for ratings higher than
1,000 volt-amperes. Having chosen the nominal rating, the value of
S may be found from the lower graph of figure 2, for ratings between
1 volt-ampere and 100 volt-amperes, and from the upper graph for
ratings between 100 and 10,000 volt-amperes.
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Assume, for example, that a 60-cycle transformer is to be designed
for a nominal rating of 200 volt-amperes, and thatitis desired to have
the full amount of overload capacity provided in the design pro-
cedure here given; that is, that the transformer must be able to carry
a secondary load of 300 volt-amperes without damage from overheat-
ing. Using the upper graph of figure 2, the length S of the side of the
square cross section of the core is found to be 1.5 inches. If it is not
convenient to make the core of square cross section, one of oblong
cross section may be used with a reduction in efficiency, which is not
serious unless the cross section differs widely from a square. For
example, suppose that in the case just mentioned, where a cross sec-
tion of 1.5 by 1.5 inches is called for, one has on hand a supply of
transformer-steel strips 1.25 inches wide. By dividing the square of
1.5 (=2.25) by 1.25 the value 1.8 is found. A core 1.25 by 1.8 inches
can be used instead of one 1.5 by 1.5 inches.

The present discussion is limited to the core-type transformer, as
lustrated in figure 1. It may happen that the amateur can obtain
some sheet-steel punchings of the shell type, as illustrated in figure 3.

PRIMARY SECONDARY

Ficure 3.—Diagrammatic sketch of shell-type transformer.

The methods of this article can be followed in this case, but it is to be
remembered that when the cross section of the core is mentioned it
refers to the central core which is surrounded by the coils. Since the
magnetic flux in this core divides between the outer cores, each of
these latter may have one-half the cross section of the central core.

VII. MAGNETIC FLUX DENSITY IN THE CORE

For any cross section of the core there is an appropriate value of
the number of turns of wire per volt which will cause the peak value
of the magnetic flux density in the core to have a suitable value. In
the design procedure here given this value is taken as 10,000 maxwells
(“lines of force’’) in each square centimeter of the actual net iron in
the core, or 64,500 maxwells per square inch of net iron. The cross-
sectional area of the net iron in the core is taken as 90 percent of the
gross cross-sectional area; or in other words, the ‘‘stacking factor”
1s taken as 0.9.
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VIII. NUMBER OF TURNS OF WIRE PER VOLT

Using the graph of figure 4, the number of turns of wire per volt
may be found for any value of S between 0.4 and 4 inches. In the
case of the 200-watt transformer, the value of S=1.5 inches calls
for between 2.8 and 2.9 turns per volt. While either of these values
is accurate enough, one can check the value taken from the graph by
dividing 6.47 by the area of the gross square cross section of the core.!
Thus, 1.5X1.5=2.25, and 6.47 divided by 2.25=2.88. This number
may need to be revised to a more convenient figure if one or more of
the windings are to be of very low voltage. For example, if the 200-
volt-ampere transformer is to have a 4-volt winding, with no taps,
it woul(f) be desirable to revise the value of S to one which requires
3 turns per volt. This increase from 2.88 to 3 turns per volt, leaving
the core 1.5 inches square, would lower the maximum flux densit
only slightly, namely, to 96 percent of the value assumed for this
d procedure. This small departure from the assumed value
wouﬁd be entirely permissible, as it would not materially affect the
efficiency or other characteristics. of the transformer. In general,
the number of turns in each winding should be even, in order to be
able to wind half of them on each of the two legs of the core. Special
difficulties arise in the design of transformers having coils which are
tapped at say 0.5-volt intervals. This question is discussed in a later
section. - :

No difficulty arises in the use of such values as 2.88 turns per volt
when the voltages of the windings are not too small. For example,
for 50 volts the number of turns would be 50X2.88=144. Even if
the value 2.89 turns per volt had been chosen, the computed number
of turns (144.5) would be rounded to 144 as the nearest even number.

IX. NUMBER OF TURNS IN EACH WINDING

 Before using the value of turns per volt to compute the number of
turns in each winding, the “regulation” of the transformer must be
considered, and a decision must be made as to how it will be allowed
to affect the secondary voltage.. To illustrate this matter, take the
preceding case of a 200-volt-ampere transformer and let the primary
voltage be 110 volts and the secondary voltage 50 volts. Wgth 2.88
turns per volt the 50-volt winding would have 144 turns. If the
primary winding is on the same basis it will have 317 turns. Such a
transformer, when connected to a 110-volt supply line, will have a
secondary voltage which is very close to 50 volts when no load is on
the secondary. If the full load, requiring 4 amperes, unity power
factor, is connected to the secondary, a part of the induced secondary
voltage will be required to overcome the resistance of the secondary
winding. Calculation shows that this part amounts to approximately
2 volts in this case, consequently the voltage at the secondary ter-
minals will be only 48 volts while the load is connected. This full-load
drop of 2 volts, divided by the rated secondary voltage (50 volts)
is technically called the ‘‘regulation’ and is 4 percent in this case.

1 This number, 6.47, is obtained by using the fundamental equation for the voltage induced in the wind-
ings of a transformer. It is the number of turns of wire per volt when the frequency is 60 cycles per second,

the gross cross section of the core 1 square inch, the net cross section 0.9 square inch, and the maximum flux
density 64,500 lines of force per square inch of net cross section.

127588°—35——2
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