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FOREWORD

Variac'© is the registered trade name for the
continuously adjustable autotransformers, originally
designed, patented, introduced, and manufactured by

I under

General Radio Company. Covered by patents
which other manufacturers were licensed, this inven-
tion now embodies many electrical and mechanical
improvements in the original design, the result of a
continuous development program carried on since 1933.
Among these is the patented2 Duratrak ® contact
surface, an improvement that makes the adjustable
autotransformer as reliable as a fixed-ratio trans-
former. The single winding of a Variac autotransformer
is common to both line and load circuits. For a given
rating, Variac autotransformers are usually smaller
than reactive controls and have 2 better power factor.
Unlike resistive controls, Variac autotransformers can-
not operate on direct current, They are, however, con-

siderably more efficient.

Variac autotransformers are used to control volt-
age and thus to regulate other quantities such as cur-
rent, power, light, and heat, which are sensitive to
voltage change. (See Figure 1.1). Some typical loads,
with the function that is subject to voltage variation
for each, are listed on the following page.

Variac autotransformers are designed for 120-,
240-, or (in combinations) 480-volt input. Series-W
models can be operated at rated current and voltage
from 50 to 400 cps. For 350- to 1200-cycle service, the
Series-M models are available. Either type may be con-
nected to provide voltage control from zero to 17 per-
cent above line voltage or to line voltage only. Models
are available in 2-, 5-, 8-, 10-, 20-, 30-, and 50-ampere
sizes. These size designations are the approximate
current values for 120-volt models. The rated current
(which may be drawn at any brush setting) is specified

1 U.S. Patent No. 2,009,013,

2 U.S. Patent No. 2,949,592,

in our catalogs for each model. A maximum current
rating is also given which is the current that may be
drawn at or near line or zero voltage. A constant-
impedance load which draws maximum current ac line
voltage may safely be controlled downward to zero.

The Variac® brand of adjustable transformers
offers many important advantages to the user. De-
signed to accepted standards for electrical apparatus,
all models are ruggedly constructed of high-quality
materials and are rigidly inspected and tested before
shipment,

"The Duratrak contact surface assures long life,
even under overload conditions. Prices are competi-
tive with, and often lower than, others of comparable
quality.

Figure 1.1,
Voltage control with a metered
Variac autotrans former,



Many Variac autotransformer models are listed
under the Re-examination Service of the Underwriter’s
Laboratory, Inc. and Canadian Standards Association.

This manual presents the theory and practice of
Variac autotransformer design and operation. Specifi-

cations and information for ordering are included in
our catalogs. While a complete compilation of their
uses is probably impossible, it is hoped that this in-
formation will be of value to those whose work is in
any way concerned with Variac autotransformers.

TYPE OF LOAD FUNCTION CONTROLLED
A. Incandescent Lamps. Brilliance and color temperature.
B. Fluorescent lamps Brilliance.
(both hot- and cold-cathode types).
C. Heating devices. Temperature.
Resistive heaters and
infra-red lamps.
D. Motors. Speed and torque.
AC Motors.
Universal.
Series.
Repulsion.
Two-phase.
Shaded-pole. Use only on fan loads, or where torque is proportional to speed.
Split-phase induction.
Capacitor split-phase.
DC Motors. Use with rectifier, as in the Variac Motor Speed Control.
E. Rectifiers.
Electroplating. Current.
Power and plate circuits. Voltage.
F. Electron Tubes. Plate voltage.
Transmitting tubes. Filament current.
Solenoids. Force.
Test Loads. Over- and under-voltage testing.
Breakdown tests.
I. Voltmeters, ammeters, Calibrating voltage and current.
wattmeters, watthour meters.
J. Magnetrons, klystrons, Power and frequency.
traveling-wave tubes.
K. Development equipment, Gradual line-voltage application, to detect defects without
burnouts.
L. Laboratory power lines. Line-voltage correction. (See also General Radio Type
1570-A Automartic Voltage Regulator.)
M. Servo systems. Voltage.
N. Remote control of any of the above.
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THEORY AND PRINCIPLES

1.1 BASIC DESCRIPTION.

An autotransformer is simply a transformer with
a single winding, all or part of which is common to
both the primary and the secondary circuits. Autotrans-
formers can have lower leakage reactance, lower
losses, smaller exciting current, and usually lower
cost than two-winding transformers. They differ from
potentiometers in that they have an induced voltage
in each turn and will not operate on dc, or at low fre-
quencies without a reduction in voltage.

Basically, an adjustable autotransformer con-
sists of a single layer of wire, wound on a toroidal
core, and an electrographitic ("carbon”) brush which
traverses this winding. The brush track or commutator
is made by removing a portion of the insulation from
each turn of the winding, thus forming a series of com-
mutator elements. The basic principle is that of a
tap-changing transformer. The brush is always in con-
tact with one or more wires, and continuously taps
off any desired fraction of the winding voltage. It is
possible, therefore, to move the contact under load
without interrupting the circuit. This feature dis-
tinguishes the continuously variable autotransformer
from tapped transformers that cannot be switched
under load.

1.2 TRANSFORMER OPERATION.

An autotransformer serves as a common magnetic
circuit to link two or more electrical circuits. When
the primary winding is connected to an alternating-
voltage source, an alternating magnetic flux will be

produced. The magnitude of this flux, which is analo-
gous to electrical current, depends on the voltage
applied to the primary and on the number of primary
turns. All the turns on the transformer are linked by
the mutual magnetic field. The mutual flux in this field
induces the same voltage per turn throughout the
winding. The magnitude of the voltage induced in the
secondary portion of the winding depends, therefore,
on the number of turns in the secondary circuit.

In order to make the transformer action most
effective, all of the flux should be confined to a defi-
nate path linking all turns in the winding. This is
approximated by the use of a core of iron or other
ferromagnetic material which has a much higher perme-
ability than air. Variac autotransformers use spirally
wound cores of strip stock, grain-oriented, so that the
flux path is along the axis of maximum permeability.

The direction of the flux in a magnetic circuit
is described by flux lines. The number of flux lines
in a given area indicates the intensity of the magnetic
effect, or the flux density. This quantity (usually ex-
pressed in flux lines per square centimeter, or gausses)
is caleulated from the equation:

108 E

Bmax =344 A_ /sN (M

where Bgx = flux density in gausses
E =rms volts applied to the winding
Ac = cross section area of the core in
square centimeters



f =frequency of E in cycles per second

§ = stacking factor of the core (usually 0.90
to 0.98)
N = number of winding turns to which E is ap-

plied.

It will be observed that the flux density, Bax,is di-
rectly proportional to E and inversely proportional to
Ac, f and N. B aximum 15 used because of the non-
linearity of iron-core materials and because factors
such as core loss and magnetizing current are more
dependent upon maximum than upon average or rms
values.

The core loss (power absotbed by hysteresis
and eddy current losses), in watts per pound, and the
core excitation, in volt-amperes per pound, are com-

plex functions of the flux density, B These factors

max*
increase rapidly as saturation is approached (the point
at which further ferro-magnetization is impossible);
thus, in order to avoid excessive core loss and ex-

citation, B must be limited. The core loss for a

max
given flux density decreases with decreasing fre-
guency. However, for a given winding, core, and volt-
age, the flux density is inversely proportional to fre-

quency.

Copper loss (I?R loss in the winding) is also a
dominant design factor. Wire size is closely fixed by
the current rating and the maximum allowable tempera-
ture rise. Small transformers (including Variac auto-
transformers) cannot be operated at a flux density suf-
ficiently high to equalize core and copper losses with-
out excessive magnetizing current. In an adjustable
autotransformer, with the input voltage applied across
the entire winding, copper loss at a constant output
current varies with brush setting from a maximum at
mid-point, decreasing gradually, and then abruptly, to
zero at the winding end. Were it not for the poor
thermal conductivity of the necessary insulation, the
load could be increased as the brush approached the
end of the winding, and, theoretically, could reach
infinity if the brush losses were ignored. Because of
these brush and thermal limitations, the current in-
crease must be held to a modest 30 to 50 percent.

To set up the flux, a wattless component of
current, I,, traverses the primary winding, accompanied
by a real component, Iy, that supplies the hysteresis
and eddy current losses in the core. The vector sum of

these two currents is the magnetizing current, I,,. For

a given transformer and winding, I, is constant for

m
constant applied voltage and frequency. In most trans-
formers I,, is small (a few percent) with respect to the
load current components, and can therefore be neg-
lected in generalized computations. However, it is
always present and is substantially independent of
load conditions. It is I, and only I, that excites the

core and supplies its losses.

The magnetizing ampere-turns (the product of
I, times the number of turns that it traverses) are the
only unbalanced ampere-turns in any transformer. All
other ampere-turns, due to load circuits, are completely
balanced. Let us see why this is so.

Figure 1.2 represents a typical two-winding
transformer, with a primary, P, wound for 120 velts,
and a secondary, §, wound for 360 volts. The two
windings, electrically insulated from each other, sur-
round a common iron core. They are wound in the same

‘*sense’’

so that when the top of P is positive the top
of § is also positive (as shown by the dots in the

figure).

Figure 1.2.
Typical two-winding transformer.

Let us assume that there are 100 primary turns,
Np. This establishes the volts-per-turn value for the
transformer as

E__120
—_—=—=].2 2
Np 100 @

Note that this is a basic ratio, appearing in equation
(1). It establishes the value of B, ,, in that equation.
Conversely, B,,,, determines the value of E/N, so that



every turn surrounding the transformer core will have
an induced voltage of E/N volts. Neglecting regula-
tion, the secondary turns for 360 volts will be given by

360

=300
1.2 ?

Ng =

In Figure 1.2, the directions of the primary and
secondary currents, Ip and Ig, are indicated by the
arrows. At any given instant these currents flow in
opposite directions. This can be readily understood
by considering the line source as a generator which

' after which it flows ‘‘down’’

pumps the current “‘up,’
through the primary. However, the secondary, with its
induced voltage, acts like a generator to the load. The
secondary current, then, flows ‘‘up’’ through the

secondary and *‘down’’ through the load.

In a transformer, the product of primary voltage
and current (neglecting I,,) is equal to the product of
secondary voltage and current. If, as in Figure 1.2, the
secondary voltage is three times the primary voltage,
then the secondary current must be one-third of the
primary current.

Eg =3 Ep (3)
Ip
. 4
5~ (4)
3Epl
Eglg = 3P = - Eplp ()

Since the primary-to-secondary turns ratio is the
same as the voltage ratio, then

Ip
IpNp =I5 Ng =5~ (3 Np) (6)

The primary and secondary load-related ampere-turns
are equal in magnitude and opposite in effect on the
core. Thus there are no net load-related ampere-turns
(referred to the core) in a transformer (except when it
is operated as a choke).

Let us assume that the transformer of Figure 1.2
is capable of delivering one ampere to the load, for a
rating of 360 volt-amperes. From equation 4, the
primary current will be 3 amperes. Now let us recon-
nect the transformer as in Figure 1.3, with the primary
and secondary windings in series, aiding. The line
voltage will be the sum of the primary and secondary
voltages, 120 plus 360, or 480 volts. The load voltage
will remain at 360, but the primary and secondary
currents will add at point X, yielding a permissible
load current of 4 amperes (3 + 1), and a volt-ampere
rating of 4 x 360, or 1440. This simple change of con-
nections has converted the transformer of Figure 1.2
to an autotransformer; its volt-ampere rating has been
quadrupled, with no change in primary winding, second-
ary winding, or core. However, the magnetizing current,
I, will now traverse both primary and secondary
windings and, since the number of turns has now been
increased by a factor of four, I, will be one-fourth as
large. But with the line voltage now four times as
great, -12—8, the magnetizing volt-amperes will remain
unchanged, as expected, since the core is being ex-
cited by the same number of velts per turn.

1g+1,

360-VOLT
LOAD

LINE
1 Y 480v

Figure 1.3.
Primary and secondary of transformer
connected in series.

The conventional autotransformer diagram, with
the current paths, is shown in Figure 1.4,* Note that
I, adds vectorially toIpand subtracts vectorially from
Ig. Also Ip and Ig are opposing, and

NPIP =N IP =3I N ’.T = sts (7)

*The terminology of Figure 1.3 for primary and
secondary will be used throughout this discussion.



-
Ne=N lp=31g
X ————-
b -
—

Figure 1.4.
Circuit of fixed autotransformer.

1.3 VARIAC AUTOTRANSFORMER PRINCIPLES.

Let us now consider the continuously adjustable
autotransformer. The circuit of Figure 1.5 differs from
the transformer-autotransformer circuits of Figures1.2,
1.3, and 1.4 in that the number of turns in the primary
and in the secondary may be continuously adjusted by
means of a sliding brush. Also, the winding usually
consists of a single wire size from beginning to end,
whereas, in a fixed autotransformer (Figure 1.4), the
two sections often employ different wire sizes, to mini-
mize copper losses.

(The theory of the Variac autotransformer brush
has been fully covered in the Karplus-Tuttle patent
#2.009,013 and in other literature.)

N TURNS, R OHMS,
—

Figure 1.5.
Basic Variac autotransformer circuit.

Is 1L=IP+]'S

In Figure 1.5, let @ represent any number be-
tween zero and unity. Thus with the brush as shown,
there will be aN turns and @R ohms in the secondary
winding, and (I - @) N turns and (I - @) R ohms in the
primary winding.

Then the load voltage is

VL = aF (8)

Volt-amperes of the load = (VA); =aE I, (%)
fVA)L afb 1

Ip = g " aly. (10)

1]

alp, (1-a) N
(a-ad) NI (11)

Primary ampere-turns = IpNp

n

Np (1-aN

IS‘-'fP—N~S—= alp =N =(1-a)l (12)

Secondary ampere-turns = IgNg =(1-4a) I[, a N
=(a-a® NI (13)

From (11) and (13), FgNg = IpNp (14)

Copper loss =2 W = IE,RP ¥ ";R'S

= all] 1-aR+(1-0)?I} aR
= IER [a2-4a3 +a -2a? +a3]

= IR [a-a?] (15)
Differentiating, %5 [a-a?] =1-2a=0 (16)
2a=1
a=1Y4% 7
2
I, R
Maximum =W = I? R [—1--—1- o (18)
L 2 4 4

Therefore the maximum copper loss for a con-
stant-current load occurs when the brush is at the mid-
point. The rated current can be determined by assign-
ing a value to Iy that will keep the mid-point-brush-
setting temperature rise below the permissible limit.



At any other brush setting, the constant-current copper
loss is less, which means the current can be increased
while the copper loss remains constant.

Let the current at the mid-point setting be Ip.
Then

2z 21 -2 (R
2R [a-a2] =12 (4) (19)
IE
R
12 =——— 20
L 4 [a-a?] (20)
IR
i s @1
2 la.a*

The solution of this equation gives the curve of Figure
1.6. As a approaches zero or unity, Ij approaches in-
finity. Problems of thermal conductivity and brush
heating make the usual limit of I} either 1.3 or 1.5
times Ip.

I
\ 7

PERCENT RATED CURRENT

2 N : /.
\\\_ ] 1/
|
b o2 0;4 (=1 - o8 e
Figure 1.6.

Constant copper-loss current versus output voltage.

— L=l
PP S—
-,
I s
85 s L
——

f——

Figure 1.7,
Au:orrans;'ormer step-up connection.

In Figure 1.7, the roles of the line and load, as
shown in Figure 1.5, have been reversed. The line
current is now equal to the original load current, etc.

In equation (10), Ip = alf,

1

2la-a?

e

1 (22)

alp

which yields the curve of Figure 1.8. Combining the
curves of Figures 1.6 and 1.8, we obtain the familiar
form shown in Figure 1.9,

PERCENT RATED CURRENT
'3

Figure 1.8.
Load current versus ratio of input to output voltage.

I NL VL

[+} 0.2 04 o6 (+X-] [R+] 12 4
L]

PERCENT RATED CURRENT
I
L=

@
(=]

Figure 1.9.
Output current versus transformation ratio.



1.4 MAGNETIC CIRCUIT.

As mentioned in Section 1.2, the core magnetic
flux, Bpgx, is limited to avoid excessive core loss
and excitation. The limit for Variac autotransformers
is approximately 18,000 gausses at low power fre-
quencies (25, 50, and 60 cps). This limit is based on
a magnetizing current not to exceed 10% of the rated
current, (that may be drawn at any brush setting,)
based on temperature rise with the unit operating at
the lowest recommended frequency. The curves in
Figure 1.10 show the core loss in watts per pound of
core material versus flux density in maximum kilo-
gausses (thousands of flux lines per square centi-
meter). Curves are given for the three most common
power frequencies, 60, 50, and 25 cps, with a portion
of the 400-cps curve for comparison.

Most of the Series W Variac Autotransformers
are designed for flux densities of between 14 and 15
kilogausses (at 60 cps). A good average figure is 14.5.
This refers to the normal connection (over-voltage for
standard models), 120-volt input for 0 to 140-volt out-
put, and 120- or 240-volt input for 0 to 280-volt output.
For other voltages, v, at the normal input terminals,
the flux density will be 14.5 (v/120) = 0.121v for 120
volts, or 14.5 (v/240) = 0.06v for 240-volt models
operating on 240 volts.

A unit designed for 14.5 kilogausses at 120 v,
60 cps, will operate at 14.5 (60/50) = 17.4 kilogausses

£ T
[/Ebu cPs ! ]
I 60 CPS 7/
0.9
. 2]
& o
E i / ’/ cPs
30‘4 b
E 03 // '/
8 / r/ | (
0.2 L /zscps 4+—
' / /'/’
P4
Ol 7 ®8 9 10 w iz 13 14 15 16 (T I8 19

MAXIMUM FLUX DENSITY-KILOGAUSSES

Figure 1.10.
Typical curves of core loss versus flux density for
Variac autotransformer cores.

at 120 v, 50 cps. The 60-cycle loss will be 0.56 watt
per pound; the 50-cycle loss, 0.77 watt per pound.
When 240-volt, 50- to 60-cycle units are operated at
120 volts, 25 cps, the flux density is the same as for
240-volt, 50-cycle operation; i.e. 17.4 kilogausses.
The 25-cycle loss is 0.32 watt per pound. Since B, .
decreases with increasing frequency, the losses actu-
ally go down, so that it is possible to reduce the core
section for operation at frequencies between 350 and

TABLE 1.1

Variac Autotransformer Constants.

Variac Autotransformer| Z-5or | 2-4 2-50r| 2-4 2-50r| 2-4 2-50r| 2-4 2-50r 2-4
Terminals Used* 1-4 1-4 1-4 1-4 1-4
Model K (see text) Z (ohms) R (ohms) L (henrys) Iz (amperes)
! 5 W2 7.67 9.00 | 7650 | 10520 9000 | 12400 37.7 52.0 0.823 | 0.700
W5 7.67 9.00 [ 4130 | 5700 4930 | 6800 20.5 28.2 1.52 | 1.29
W5H 15.34 | 18.00 | 16520 | 22800 19720 | 27200 82.0 112,8 0.76 | 0.65
WSL — 7.5 | —— | 3600 4300 — 17.8 2.04_|
2 3 4 W8 7.53 8.85 | 3370 | 4660 3950 | 5570 16.8 23.1 1.86 | 1.58
WSL — 6.86 | —— | 2780 3320 10.0 14.3 —— [ 2.64
W10 7.93 9.32 | 2590 | 3560 3080 | 4240 12, 17.8 2.48 | 2.21
*Terminal WI0H 15.86 | 18,64 | 10360 | 14240 12320 | 16960 51.5 71.0 1.24 | 1.11
Connections W20 7.88 9.26 | 1570 | 2160 1860 | 2560 7.73 | 10.65 | 4.1 3.5
W20H 15.76 | 18.52 | 6280 | 864D 7440 | 10240 30.9 42.6 2.1 1.75
W30 7.87 0,25 | 2650 | 3630 3140 | 4330 13.1 18.0 2,39 2.03
W30H 15.74 | 18.50 | 10600 | 14520 12560 | 17320 52.4 72.0 1.20 [ 1,02
W50 8.23 9.65 B45 | 1165 1000 | 1380 4.1 5.65 | 6.66 | 5.67
WS0H 17.25 | 22.40 | 3380 | 4650 4030 | S550 22.40 36.0 4.20 | 3.05




1200 cps, as used in many military power supplies.
This explains the ‘‘squat’’ design of the Series M
autotransformer models. The reduction in core-section
area permits a reduction in over-all size.

The parallel resistance, reactance, and imped-
ance of Variac autotransformers can be derived from
the curves of watts per pound and volt-amperes per
pound versus flux density. Since all Series W models
are wound on grade M6W core material or better, the
performance for a given value of flux density per pound
of core is the same for all models in this series.
Figure 1.11 shows the variation of R, Z, and L versus
Bpmayx- A magnetization-current (Iz) curve is also in-
cluded. The maximum values of these factors for all
Series W models are tabulated in Table 1.1.

VARIATION OF IMPEDANCE, PARALLEL INDUCTANCE AND PARALLEL RESISTANCE
VERSUS B mgx FOR MEW CORES

|’ == N [T
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A - AN DD

. | :
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a 2 - & 8 10 12 - 1] 18
6O-CYELE Byge—KILOGAUSSES

Figure 1.11.
Variation of impedance, parallel inductance, and
parallel resistance versus B, ;.. for M6W cores.

Figure 1.12 is the equivalent circuit showing a
representation of the factors that are plotted in Figure
1.11. The series resistance of the winding is negligi-
ble for no-load data.

In order to use the table and the plot, first find
the core magnetization by dividing the applied volt-
age (E) by the appropriate value of K from the table.
Refer to the appropriate curve of Figure 1.11, at the
value of B that is g+ Read the percentage values of
R, L, Z, and lz. Multiply the listed value in Table 1.1
by this percentage to obtain the correct value.

1.5 CURRENT RATINGS.

As already mentioned, the load current increase
at the end of the winding cannot be infinity (the theo-

retical value), but is limited to 30 - 50% by brush and
thermal limitations. Maximum current ratings are de-
rived from this permissible increase. A constant-im-
pedance load that draws maximum current at line volt-
age may be controlled downward to zero without ex-
ceeding a safe temperature rise. Rated current is based
on the temperature rise at the mid-point brush setting.
Rated current can be drawn at any brush setting; max-
imum current can be drawn only at or near line or zero
voltage.

L, PURE
e | ﬂmw TANCE
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Figure 1.12.
E quivalent circuit of an unloaded
Variac autotransformer.

1.6 CORE.

The laminated, toroidal core used in Variac
autotransformers is formed by winding grain-oriented
strip steel, much as one would spool ribbon. It is then
given a carefully controlled heat treatment in a pro-
tective atmosphere to improve its magnetic properties.
Because the flux paths are always parallel to the pre-
ferred longitudinal grain orientation, wound cores of
this construction have inherently lower losses than
cores formed from stacked washers stamped from sheet
stock, in which the flux paths cannot everywhere paral-
lel' the grain of the material. Wound cores also permit
closer packing of the magnetic material into the avail-
able space, with a corresponding gain in the stacking
factor (ratio of useful magnetic material volume to
total available volume). Full advantage of improved
core material has been utilized in the design of Variac
autotransformers. Today’s more compact models use
less core material and copper than earlier models be-
cause of the permissible increase in flux density.

1.7 WINDING.
1.7.1 GENERAL

The winding of a Variac autotransformer sur-
rounds the core and is insulated from it, Most com-
monly, it is a toroid which permits rotary brush trav-
erse, double-banked inside to conserve space, with a



single layer outside for consecutive-turn brush access.
Wire size is closely fixed by the current rating and
the maximum allowable temperature rise. The wire
used is always insulated. A very high grade of insu-
lation is required to withstand high operating temper-
atures. Enough insulation and wire are removed from
the brush track to offer an adequately large contact
surface to the brush.

The number of turns in the winding is determined
by the operating voltage, frequency, brush loss, re-
quired resolution, most favorable copper-to-core ratio,

and wire size.

1.7.2 DURATRAK ® CONTACT SURFACE

All Variac autotransformers have the patented
Duratrak contact surface, developed in the General
Radio laboratories. Because of its superior conduc-
rivity (exceeded only by silver) and reasonable price,
copper is usually employed in transformer windings.
Unfortunately, bare copper tends to oxidize when
heated. Below 150 C, oxidation is gradual and is limit-
ed to a relatively thin, medium-conductivity film of
cuprous oxide, which does no particular harm. Above
150 C, however, a thick, black, poorly conductive film
of cupric oxide forms rapidly. The cupric film, inter-
posed between brush and winding, causes severe
heating under load, initiating a vicious cycle of more
heat, more oxide, more heat, etc. Since Variac auto-
transformers are conservatively rated, it may be diffi-
cult to understand how an initial temperature of 150 C
is reached, to start the cycle. Usual causes are unin-
tentional overload, abnormal ambient temperature, or
corrosion or contamination of the brush track. Once
started, the cycle will continue until the unit is ruined,
even if subsequent operation does not exceed rated

current,

This difficulty is avoided by coating the brush
track with a precious-metal alloy to produce the
Duratrak contact surface. The coating resists oxida-
tion and does not corrode easily. The contact resist-
ance between brush and track is greatly influenced by
the coating material, and optimum brush parameters
will differ for different coatings if the optimum no-load-
to-full-load brush-loss compromise is to be realized.

1.8 BRUSHES.
1.8.1 DESCRIPTION

Variac autotransformers use electrographitic
brushes (contacts) to connect the load to the indi-

vidual turns of the winding. Resistance character-
istics, mechanical design, and thermal properties of
the contact are most important for proper operation of
the autotransformer,

The contact resistance between an electro-
graphitic brush and a metallic surface varies with the
current passing through the surface, and the resis-
tance of the brush itself depends to a large degree on
the current density. The resistance of the brush varies
with the current passing through it in a manner that
maintains a substantially constant voltage drop. This
voltage drop varies with the composition of the brush
and with the pressure applied, and is used by brush
manufacturers in the rating of their product. A definite
relation between this voltage drop and the volts-per-
turn of the unit must be maintained to prevent exces-
sive heating of the short-circuited turn and of the
contact,

““wear in"’

Variac autotransformer brushes do not
with use, so the current density and specific pressure
can be varied within wide limits and can hardly be
compared with the values recommended by carbon
manufacturers for rotating-machine brushes. Each brush
is positioned in a slot in a metal radiator; springs
press the brush against the winding. The radiator ab-
sorbs about half the heat of the contact (primarily by
conduction) and transmits it to the surrounding air.
Electrical connections to brushes are made with flex-

ible leads.

1.8.2 OPERATION OF THE BRUSH.

In traversing the track, the brush often bridges
more than one turn. As the brush loses contact with
one turn and makes contact with another, a voltage-
dividing action occurs which allows the selection of
voltage increments less than the voltage difference
between turns. As a result, the resolution or incre-
mental adjustment of a Variac autotransformer is actu-
ally better than would be indicated by the number of

turns alone.

Figure 1.13a is a “picture diagram” of a brush
as it bridges one turn; Figure 1.13b is the equivalent
circuit diagram. Rj; and R represent the brush-to-
winding interface resistances. Experience shows that
brush-to-body, brush-to-holder, and turn resistances
are all negligible in a properly designed Variac auto-
transformer. The load current, I7 , is the algebraic sum

LU. S. Patent No. 2,949,592.



of the currents, I and [y, traversing Ry and R, re-
spectively; ET is the voltage induced in the bridged
turn. As the brush traverses the winding, Rj and R
vary inversely as their respective areas of contact.
We have seen that maximum loss, for a given brush and
load current, occurs at the mid-point of the traverse,

where Rj = R2. Furthermore, at this maximum-loss
Et
point, the loss will be a minimum when R; = Rj =E'.

Under these conditions Ij, = I7, I2 = 0 and brush-loss
watts = ET x Ip.If the load current is reduced to zero,

ETl,
2
variable-autotransformer patent, U. S. No. 2,009,013 to
E. Karplus and W. N. Tuttle, of the General Radio
Company, was issued on the basis of this analysis.
To realize this optimum condition, it is important to
control the brush track, brush composition, and brush
pressure. For this reason, Variac autotransformers
should never be operated with brushes other than those
recommended for the particular model in question. Any
attempt to use a substitute brush may result in a

burned-out unit.

the bridging brush-loss watts = The original

Figure 1.13.
a. One turn is bridged by the brush,

Figure 1.13.
b. Egquivalent circuit of the
Variac autotransformer brush.

1.9 REGULATION AND EFFICIENCY.

Regulation varies with brush setting. As noted
under Section 1,3, copper loss is a function of setting.
Expressed as an equivalent resistance traversed by
the load current, copper loss is the dominant factor in
the regulation curves of Figures 1.14 and 1.15. It will
be noted that, at zero and line voltage settings, there
is some inherent regulation attributable to the finite
brush resistance. Regulation is due in part to leakage
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Figure 1,14,
Regulation curve for step-up connection at
half normal rated current.
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Figure 1.15.
Regulation curve with normal rated current.

reactance caused by stray flux that does not link all
the turns. While this is a minor factor at low frequen-
cies, it becomes dominant at some higher frequency,
and actually imposes an upper-frequency limit on the
operation. This limit depends upon the load conditions.



Regulation is defined as the change in output
voltage from no load to full load, with constant input;
it is expressed as a percentage of the line voltage,

Efficiency is defined by the following equation,
with all values expressed in watts:

Percent efficiency = Outputortllj_fsses x 100

_ Input — Losses x 100
Input

Since the output starts at zero at a zero setting,
the efficiency starts at zero, rises rapidly with in-
creasing setting, and then levels off, as line voltage
is approached, at a value close to 99.5%. Losses are
the sum of brush, copper, and core losses. Copper
loss disappears at zero and line voltage, but it is
dominant over most of the range.

1.10 LOADS.

Loads are subject to two types of control:The
load function may be varied by altering the output volt-
age, or the load function may be stabilized by main-
taining the output voltage at some desired value, in-
dependent of supply fluctuations. Not all loads are
subject to successful control by voltage variation.
Notable among these are single or polyphase induction
motors that try to maintain a constant speed, despite
reduced voltage, until the torque suddenly breaks
down, resulting in a stall.

Figure 1,16 illustrates why a Variac autotrans-
former may be used with a constant-impedance load
that draws maximum current at line voltage. Note that,
as the voltage is reduced, the current is similarly re-
duced, and, at all points, is below the permissible
current level. (The permissible current is limited over
most of the range by the copper loss, which is maxi-
mum at the mid-point brush setting. Near line and zero
voltages, however, the permissible current is limited
by the brush loss. Refer to Sections 1.2 and 1.4.)

This is not true with a tungsten-lamp load. Here
the current does not vary directly with line voltage, so
the current-versus-voltage curve is above the permissi-
ble current level by a substantial amount. This leads
to overheating, with subsequent insulation deteriora-
tion if operation is prolonged in the region between
26% and 82% of line voltage. For this reason, tungsten-
lamp loads should be confined to the rated current of
the Variac autotransformer.
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Figure 1.16.
Typical load current curves.

1.11 OVERLOAD PROTECTION-
FUSES-CIRCUIT BREAKERS.

Today’s improved core materials permit the use
of higher flux densities than were formerly practical.
Under certain conditions of core magnetization and
line-voltage phase, an inrush transient or surge having
an initial value up to ten times the rated current of the
unit may occur. This does no harm except to ordinary
"quick-blow” fuses. For this reason, time-current inte-
grating circuit breakers or "slow-blow” fuses are re-
commended for primary protection. They will hold
during transients, but will protect against sustained
and potentially damaging overloads.

CAUTION

Under no circumstances should Variac autotrans-
formers be operated above rated input wvoltage. Even
though core losses and excitation figures are not ex-
ceeded, the bhigher voltage per turn will unduly in-
credse brush losses and may result in damage 1o the
winding,

Overload Protection for variable-ratio trans-
formers differs from that used with fixed-ratio trans-

formers, where safe primary and secondary currents are

60 TO 80 20 100



related by the ratio of secondary to primary turns. In a
fixed-ratio transformer having 100 primary turns and 20
secondary-turns,’if the safe secondary current is 10 am-
peres, the safe primary current will be 10 x —fgo =2
amperes. The transformer secondary wire will have 5
times the cross section of the primary wire. The amount
of copper in each winding will be approximately the
same. Equal protection will be provided by a 10-ampere
secondary fuse or a 2-ampere primary fuse.

This is not true with Variac autotransformers.
As the brush traverses the winding, the transformation
ratio continually changes, without a corresponding
change in wire size. The safe current over most of the
ratio range is set by the wire size, not by the trans-
formation ratio, and, with the exception noted under
Section 1.3, cannot be appreciably exceeded. Under
these conditions, primary protection is of little or no
assistance, but output protection is all-important,
since it is the output current that must be held within

safe limits. For this reason a Variac autotransformer
should be protected by a fuse or circuit breaker in the
brush lead, where the load is normally connected.

Primary-circuit fusing may be added as a re-
finement to protect against accidental connection to a
supply line of too high a voltage or too low a frequen-
cy. This can be particularly valuable with portable
units that might be accidentally plugged into a direct-
current line.
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Figure 1.17.

Short-time overload characteristic of Variac
autotransformers with line-voltage connection.

The nature of the protective devices should be
partially determined by the service requirements.
Variac autotransformers have an inherently high short-

time overload capacity, since temperature is dependent
upon time for a given rise. Figure 1.17 illustrates the
short-time overload characteristics of units containing
Duratrak. They can safely absorb relatively infrequent
overloads (due to motor starting or lamp inrush) with-
out derating. The upper curve applies to units without
built-in fuse protection. Models with built-in protection
in the brush arm (Models W5SL, W20H, W30, W30H, W50,
and W50H) have overload characteristics corresponding
to the shaded area on the curve. This fusible link is
purposely made inaccessible to guard against care-
less replacement with fuses of the wrong value and it
is not intended to serve as the sole protective device
for the unit. The shaded portion shown indicates the
area of uncertainty due to fuse tolerance (+20%, -0%)
and the fact that larger-value fuses, due to their
greater thermal inertia, tend to hold longer against a
given percentage of over-load. The lower limit of the
shaded area applies to a Type W5L model with a
zero-tolerance fuse, and the upper limit applies to a
Type W50 model with a +20%-tolerance fuse.
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Figure 1.18.

Variac autotransformer derating versus
ambient temperature.

To benefit fully from the short-term overload
characteristic, the overload capacity must not be un-
duly limited by the protective device. Since quick-blow
fuses (already discussed as unsuitable for primary pro-
tection, under Section 1.2) cannot withstand surges,
their use is discouraged except for loads not subject
to inrush. Slow-blow fuses are better; time-current inte-
grating circuit breakers are better still. Thermal
breakers are to be preferred, since they automatically
derate with increasing ambient temperature. They most
nearly conform to the requirements of Figure 1.18,
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which shows derating versus ambient temperature. This
type of protector is standard in the Type MT (portable,
cased) models of the W series Variac autotransformers.
When operation is intermittent, a further increase in
rating is permissible, depending upon the duty-cycle
ratio. If the total number of duty cycles comprises
only relatively short operating periods, the current
can be further increased to that determined by the
short-time rating factor shown in Figure 1.17.

1.12 EFFECT OF DUTY CYCLE.

When duty-cycle operation is continuous, the
rating should be determined in the following manner:
If the duty-cycle ratio is defined as the ratio of “‘off-
plus-on’’ time to ‘‘on’’ time, the rated current can be
multiplied by the square root of this ratio to obtain
the allowable uprated current. The following examples
will illustrate the calculation of permissible overloads
for the Type W5 model, whose current is G amperes.

on

Example 1.

(a) Duty cycle: 15 seconds on, out of every 4
minutes (240 seconds).
240

—_—=4

15
Up-rated current =6 x 4 = 24 amperes.

(b) 15-second short-time overload (Figure 1.17%)
= 500% = 30 amperes,

J duty-cycle ratio =

Since the duty-cycle calculation gives the
smaller value, the permissible current is 24 amperes.

Example 2.

(a) Duty cycle: 30 seconds on, 8 minutes off.

510

30 =4.1
Up-rated current = 4.1 x 6 = 24,6 amperes.

(b) 30-second short-time overload from Figure
1.17 = 380% = 22.8 amperes. This figure is
the limiting value, because it is lower than
that calculated from the duty-cycle ratio.
Therefore the permissible current is 22.8

amperes.

\Jduty-cycle ratio =

Example 3.

(a) Duty cycle: 6 seconds on, each minute;
repeated for one-half hour, maximum,

J duty-cycle ratio = % =13.16

12

Short-time rating (Figure 1.17) for 30 minutes

=133%.

Up-rated current = 6 x 3.16 x 1.33 = 24,6

amperes. ;
(b) 6-second short-time overload (Figure 1.17)

=725% =42.7 amperes.

Permissible current is 24.6 amperes.

1.13 RATINGS FOR SPECIAL CASES.

The organic insulation used in Variac autotrans-
formers has a life-expectancy versus operating-temper-
ature characteristic that may be closely approximated
by a straight-line plot on log-log, time-temperature co-
ordinates (see Figure 1.19). Notice that life expectancy
is halved for each ten degrees Centigrade increase in
temperature, and, conversely, it is doubled for each
ten degrees decrease. The ten-degree interval is ap-
proximately correct for Variac autotransformer insula-
tions; other insulations, such as the silicone organics,
may have steeper curves of 7 or 8 degrees for a life
factor of two-to-one. The curve has been purposely ex-
tended to the 7-hour, 265-degree point which is speci-
fied in the Underwriters’ Laboratories, Inc., for the
three-times-rated-current “burn-out” test.

The operating temperature in Figure 1.19 is the
absolute hot-spot temperature, which is the sum of the
ambient (environmental) temperature and the tempera-
ture rise resulting from losses. This hot-spot tempera-
ture usually occurs directly under the brush in Variac
autotransformers.
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Figure 1.19.

Insulation life versus temperature.

*For models with built-in fuses, use the lower curve
in Figure 1,17 for autotransformer and fuse.



The losses in an autotransformer include core
loss (constant for a given voltage and frequency), cop-
per loss (varies as the square of the load current), and
brush loss (although not closely predictable, seems to
vary as the three-halves power of the load current).
Under steady-state conditions, these losses produce a
temperature rise sufficient to dissipate the power loss
by conduction, convection, and radiation. Since the
ambient temperature is not subject to the designer’s
control, he must assume some arbitary, "normal,” maxi-
mum temperature and design the unit for a temperature
rise thatwill not exceed his hot-spot limit at this ambi-
ent. Variac autotransformers are designed for a mini-
mum hot-spot temperature that will allow a minimum
life of seven years with continuous operation, under
full load, with maximum-loss brush setting, in a 50 C
ambient. A change in any one of these conditions will
change one, several, or all of the other conditions.

Certain of these changes were discussed in Sec-
tion 1,12 which deals with uprating for short-term or
intermittent duty-cycle operation, and with derating for
ambient increases above 50 C. The derating curve of
Figure 1.18 could be continued above the rating for
ambients below 50 C. It is, however, both conventional
and convenient to establish a fixed rating, here based
on 50 C maximum ambient. Also, full-load operation is
possible above a 50 C ambient if reduced life is ac-
ceptable, or below 50 C if increased life is desirable.

The minimum life-rating-ambient relationship is
given in Figure 1.20 (an extension of Figure 1,18 plus
the information yielded by Figure 1.19). To obtain the
rated curve, the following equation was used:

T = 15° 4959 x(.'/j“R,]2 +15° X(f/fR)%

Core Copper Brush (23)

For a minimum seven-year life, the hot-spot
temperature is:

105°C =  50° +

Ambient  Core Copper Brush (24)

Knowing this, it is a simple matter to assign life-ambi-
ent scales to the load curve. If the 61,320 hours in 7
years is rounded off to 64,000 hours, the departure in
degrees C from the "normal” curve is given by:

64,000

T°C= 10°C
C=lots Siows Speciiiod =

7
-1
%82 Years Specified

10°C (25)

If the number of specified hours or years exceeds
64,000 or 7, respectively, T is negative; if not, T is
positive.

Except for reference to Section 1,12, we have
been concerned primarily with steady-state, twenty-
four-hour-a-day operation. It should be realized that the
short-term overload curve and the duty-cycle formula
are also based on a 105 C hot-spot. Here, too, minimum
life may be traded for increased rating or vice-versa.
Simply apply the “life-rating-ambient” curve to these
problems and uprate or derate as indicated, except that
the limit of ten times rated current should never, under
any circumstances, be exceeded.

For example, consider the Type W5 unit in Ex-
ample 1, Section 1.12, in this case further modified by
requirements of a 4000-hour minimum life, at a 30 C
ambient temperature.

Uprating for 30 C ambient, 4000-

hour life (Figure 1.20) = 1.65
Duty-cycle factor ., 3
Resultant uprating factor (product of above)= 6.60
Allowable current =6 x 6.60 = 39.6 amp

Uprating for 30 C and 4000-hour life
(Figure 1.20) = 1.65
15-second short-term overload factor

(Figure 1.17) -
Resultant uprating factor (product of above)= 8.25
Allowable current =6 x 8.25 = 49.5

Since 39.6 is the smaller, it is the limiting value, and
the allowable current is 39.6 amperes.
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SECTION 2

CIRCUITS

2.1 BASIC CIRCUITS.

Variac autotransformer circuits are almost as
numerous as the people who use them. As previously
noted, it is both impractical and impossible to include
them all. The following circuits are those with the
most widespread and basic utility.

The circuit in Figure 2.1, called the line-voltage
connection, is used for the control of a load between
zero and line voltage. Points a, b, and c are protective
locations, in order of importance. Load protection, at
point b, or points b and ¢, is optional. Off-on switch-
ing, if used, should break both sides of the line (b and
c), positively disconnecting both the autotransformer
and the load from dangerous potentials. Except as
noted, the same switch and load locations apply to all
other circuits,

LINE

T LOAD
?

Cc
Figure 2.1.

Basic Variac autotransformer circuit with
line-voltage connection.

The most common variation from the basic circuit
is shown in Figure 2.2. Here the line is tapped down

on the coil, allowing the brush to traverse above line
voltage by virtue of transformer action. This is called
the over-voltage connection. The step-up may be small
(17%), as with an output of 140 volts from a 120-volt
source, or large (133%) for an output of 0 to 280 volts
from a 120-volt source. In the former case, rated
current can be drawn at any setting; in the latter,
output is limited to one-half rated current.

o)
LINE
o LOAD
[ T
Figure 2.2,

Over-voltage connection.

2.2 GANGED PARALLEL CIRCUITS.

Two or more Variac autotransformers can be
ganged together for parallel circuits and then can
supply a single-phase load greater than a single unit
can accomodate. The load rating of two identical units
in parallel is twice that of a single unit; for three in
parallel, it is three times that of a single unit. Paral-
lel operation is usually recommended only for the
large models (Type W20, W30, or W50), because it is
more economical to handle any load within the ca-
pacity of a single unit with a single unit, rather than
by the use of ganged, smaller models.
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Figures 2.3 and 2.4 show two- and three-gang
parallel assemblies, respectively. A four-gang, series-
parallel combination is illustrated in Figure 2.5. The
Type 50-P1 Chokes in these circuits are used to pre-
vent high interchange currents between the parallel-
connected units. (Refer to paragraph 2.3.)

BRUSHES GANGED

o
LINE

"E TYPE 50—PI CHOKE

Q
LOAD

Figure 2.3.
Ganged assembly, two units in parallel,

BRUSHES GANGED
P

I

TYPE 50—PI CHOKE

LINE

“h TYPE 50— P2 CHOKE

LOAD

7

Edsouoaam o ose=J

| S

Figure 2.4.
Ganged assembly, three units in parallel,

2.3 USE OF CHOKES IN PARALLEL CIRCUITS.

Two or more parallel Variac autotransformers,
the brushes of which are slightly out of step, will
normally exchange a large circulating current. To pre-
vent this, one or more fixed autotransformers (chokes)
are used. Consider Figure 2.6, which shows two units
with their brushes connected to the ends of a center-
tapped autotransformer (Type 50-P1 Choke). Any small
difference in the brush voltages will appear across
the choke. As long as this voltage does not exceed a
value that approaches saturation of the choke core,

16

the current exchanged between the two Variac auto-
transformers is limited to the magnetizing current of
the choke. This is the only unbalanced component that
can be present. Also I} and I, traverse equal turns in
opposite sense. Therefore I; and I, must be equal and
the two units are loaded equally except for this negli-
gible magnetizing current of the choke.

TYPE 50-PI
y CHOKE

LINE 1 LOAD

TYPE 50-PI
CHOKE

Figure 2.5.
Four-gang, series-parallel combination.

y—>

5] (Vl'Va}_"'
TYPE 50-Pl CHOKE

I| —_— "'—_Iz

v, +V.
-3 LIt

i

Figure 2.6.
Choke limits circulating current.

Similarly, when two Variac autotransformers are
to be paralleled with a single, third unit, a choke
tapped at one-third of the winding is used. The current
from the single unit traverses two-thirds of the choke
winding, and that from the two units traverses one-
third only. Again the ampere-turns relationship is



satisfied. (Of course, in this case the two units are,
in turn, paralleled through a center-tapped choke, as
in Figure 2.6.)

This principle can be extended to a greater
number of units. For instance, three Variac autotrans-
formers can be paralleled with two, using a choke with
a two-fifths tap, etc.

The use of three Type 50-P1 Chokes with a six-
gang assembly in a three-phase circuit is shown in
Figure 2.7.

#l #3

TYPE 50-PI
CHOKE

TYPE 50-PI

/CHOKE

$2
OUTPUT

#3

Figure 2.7,
Connection for a six-gang assembly in a
three-phase circuit.

GANGED TO MOVE
SIMULTANEOUSLY
AS INDICATED

Ip

IL= Is +Ip

i

Figure 2.8,
Basic circuit for two-gang connection.

2.4 GANGED SERIES CIRCUITS.

Figure 2.8 shows the basic circuit for the series
connection. The two brushes move simultaneously
toward or away from the line terminals of the units.
The currents as shown satisfy the no-net-ampere-turns
requirement for both units. However, the load is
“floating” on the brushes, and therefore it cannot be
grounded. The modified circuit of Figure 2.9 shows a
single-phase, three-wire system such as the conven-
tional residential supply, with the neutral lead shown
dotted. When all elements and settings in branch 1 are
equal to those in branch 2, no current will flow in the
neutral line and it can be removed to produce the
circuit of Figure 2.8.

CAUTION

Occasionally an attempt is made to use two
units connected as shown in Figure 2.10. Note
that the lg circuit includes unit #2, Since the
two autotransformers do not have a common
core, Ig cannot circulate through unit #2 ex-
cept by setting up a tremendous current in the
turn or turns which are shorted by the brush in
unit #1. This, of course, results in a burned-
out unit. Therefore, the circuit of Figure 2.10
should never be used.

F:'gure 2.9,

Connections for a single-phase,
three-wire system.
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I,
TYPE 50 l
VARIAC -
AUTOTRANSFORMER
* r‘l
E 1 s
460y s 2 LOAD 230-460v
AS DESIRED
TYPE 50
VARIAC
AUTOTRANSFORMER||B* 7
2
Figure 2.10.

DON’T DO THIS!

e % ; su Figure 2,11,

Any number of units can be series-parallel con-
nected, as indicated in Figure 2.11, if there are never
more than two equal, parallel groups in series. How-
ever, the fundamental ampere-turns relationship must
be kept in mind. Figure 2.12 is an example of the im-
proper extension of this principle. The secondary com-
ponent of current, Ig, cannot circulate through the
middle unit without causing one or both of the other
units to burn out. The use of a fixed autotransformet
to supply the Variac autotransformer eliminates the
trouble, as shown in Figure 2.13. The value of @ can

vary between a minimum of 1/3 and a maximum of 1.

1-b =%(1-a)
a-b =%(1- a) =-31'-(1 - b)
(L-b)1p =2 (a-b) Iy +(a-b) I

3 1
(1-6) I, ==(1-0) I =2 x=(1-a) I +.:1;.(1_,,) I,

(1-b)1p =%(1 -a)lp
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Series-parallel connection.

Figure 2,12,
DON'T DO THIS EITHER!
(See Figure 2.13)

Thus all the current relationships are satisfied
for both the fixed and the Variac autotransformers.
The volt-ampere rating of the fixed unit is determined
by the maximum value of

E oy
?xZ(a-.&}IL=%(1-a) Iy =VAp

and occurs when the value of @ is at its minimum, or
1

3" Then
Blpyay 2
VAFmax —3—(-3—) = ; Ely (26)

The rating for each Variac autotransformer is

EI
E L
VA‘Vmax =‘_3'IL :'3_' (27)

and the total volt-ampere requirements for the circuit

are

El
2 L)_8
ZVA =S EIL +2( 3 )“?E’L (28)

However, the total volt-ampere rating is Elp. The

FIXED AUTOTRANSFORMER

cl._—"‘ ¥ —>bl
(a=b)I, ;l-u
E
/ g | ; \
E’/ (1-b) I, —
= | aE
8'5 *3 g 2(0-b)I. ; T L
(a=b) I b
E+/3 + Ql—b

Figure 2.13.
The addition of a fixed autotransformer eliminates
the trouble with the circuit of Figure 2.12,



; 1 3
difference cf-ST El; is due to the fact that control ex-

tends over only two-thirds of the E range.

Figure 2.14 details an extension of the series
connection principle. As shown, two separate, equal
loads must be used. These can be two primaries of a
transformer (as indicated by the dotted lines) which
then connect to the load as a single unit through the
transformer secondary. Note that the transformer is
not connected between E and the Variac autotrans-
formers, as in the conventional circuit. This is be-
cause it is often desirable to feed a transformer, such
as a high- or low-voltage rectifier, which has two ap-
propriate primaries. The circuit of Figure 2.14 elimi-
nates the need of a second transformer.

TRANSFORMER
'

Figure 2,14,
Use of the series connection with
two separate, equal loads,

Variac autotransformers may be connected for
overvoltage (as shown in Figure 2.15; also see Figure
2.2), or for line voltage (Figure 2.9). Because 120-volt
models usually carry a higher kva rating than com-
parable 240-volt units, and because no choke is re-
quired, this circuit usually yields more rating per
dollar than paralleled 240-volt units for 240-volt
service. Two 240-volt units can be series connected
for 480-volt service. Note, however, that the load can-

not be grounded with this circuit, because there is no
common line connection between input and output.

2.5 NARROW-RANGE LOW-VOLTAGE ADJUSTMENT
CIRCUITS.

The Variac autotransformer is inherently a wide-

range device. If the required range of voltage adjust-
ment is narrow, it can most effectively be used with

a supplementary transformer having a ratio determined
by the ratio of the normal Variac autotransformer range
to the required range of adjustment. In this way the
whole traverse is used to effect the necessary adjust-
ment, improving resolution and multiplying the avail-
able current by the transformation ratio of the supple-
mentary transformer. Such narrow range operation
generally falls into one of two classifications: low-
voltage, as for tube heaters or plating rectifiers, or
high-voltage, as for line-voltage regulatioh.

GANGED TO MOVE
SIMULTANEQUSLY
AAS INDIGATED

N LOAD (MUST NOT BE GROUNDED)
L
Q

Figure 2.15.
Two-gang series connection with overvoltage.

In the low-voltage case, either an isolation
transformer, or a fixed-ratio autotransformer can be
used, as shown in Figure 2.16, a and b. It is inter-
esting to note that the supplementary transformer in

VARIAC

AUTOTRANSFORMER URRENT: Fa =2.2 AMP
120,
RATIO! 25 =190

0-63v
LOAD 445 amp

LINE
I20v

ISOLATION TR ANSFDRH ER
(a)

VARIAC
AUTOTRANSFORMER

AUTOTRANSFORMER
(SAME RATIOS AS ABOVE)

LOAD

(b}

Figure 2.16a. and b.
Low-voltage, narrow-range, adjustment circuit.
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both of these cases allows the use of a unit of about
1/20th the rating that would be required where the
load operated directly from the Variac autotransformer.
Furthermore, the resolution or fineness of adjustment
is greatly improved by two factors —the control range
is spread over the whole traverse, and the smaller
unit has more turns per volt.

2.6 LINE-VYOLTAGE ADJUSTMENT CIRCUITS.

The use of supplementary transformers for line-
voltage adjustment may take several circuit variants.
Figure 2.17 shows a simple circuit for line-voltage
adjustment purposes. Depending upon the position of
the reversing switch, the circuit will either buck or
boost the line voltage. The design of this buck-or-
boost circuit can best be shown in the solution of a
typical problem:

Problem: What size transformer is necessary to
handle a 50-ampere load when the line voltage varies
from 96 to 120 volts?

Solution: 120
%6

24 volts

24/120 = 1/5 =turns ratio of transformer

The rating is determined by the load current and
the turns ratio of the transformer:

50 amperes x 1/5 =10 amperes.

Hence, the primary rating of the transformer is
120 volts at 10 amperes. The secondary voltage is
120 x 1/5 or 24 volts and the secondary current is
10 x 5 or 50 amperes.

.

Figure 2.17.
Buck or boost line-voltage adjustment circuit.
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Where the regulated line is always high or
always low, an autotransformer may also be used, as
shown in Figures 2.18,a and 2.18,b. In the step-
down case, the transformation ratio allows a G-ampere
unit to control a load of 6 x 13 x 120 = 9.4KVA;in the
step-up case, 6 x 11 x 120 =7.9 KVA.

RATHY: 20
130=120
LINE ||1
120-130 vy LOAD
T 11('?0v
STEP-DOWN
(a)
Figure 2.18a,

Step-down circuit for bigh line voltage.

o _
: {l
-l 120-110
LINE LOAD
110—=120v¥ || T
STEP-UP

(b)

Figure 2.18b.
Step-up circuit for low line voltage.

Where buck-and-boost regulation is required, the
circuit becomes the one shown in Figure 2.19. Here
the ratio is reduced because the buck-boost connection

N TURNS BUCK-BOOST
VARIAC  0.544N RAVIO gy hen
AUTOTRANSFORMER A
l 3 o
LINE 3 LOAD
110—130 v : 20V
T | 2 o
\
0.456N
Figure 2.19.

Buck-boost circuit for line-voltage adjustment.



requires a tap on the autotransformer. The tap lo-
cation (tapped units can be furnished on special order)
is determined by the condition that the turns times the
line voltage should be equal for the two conditions
of maximum buck or boost. However, as shown, there
is a current gain of 6 to 1, which means a G-ampere
unit can control a 6 x 6 x 120 =4.3-KVA load.

Other variations of this scheme are possible.
In Figure 2.20 the unit is connected to primary taps
on, say, a plate supply transformer. The brush is moved
up to compensate for high line voltage and down for
low line voltage. The input current must conform to
the unit current rating.

VARIAC
AUTOTRANSFORMER _ l
“ LOAD
LINE
Figure 2.20.

Primary circuit compensation for
line-voltage adjustment.

Where the line and load voltages are vastly
dissimilar from the operating voltage, a Variac unit or
assembly may be inserted between transformers as
shown in Figure 2.21. The transformers may be either

isolation transformers, as shown, or autotransformers.

STEP-DOWN 242§VA0(I;_T STEP-UP
VARI
-%—i% VOLT AUTOTRANS- %g VOLT
l l [ FORMER l
LI NE LOAD
550v 0-550v

Figure 2.21.
Line-voltage adjustment circuit when line and load
voltages are beyond the range of the
Variac autotransformer.

There is, of course, no current gain in this case. In
fact, current rating of the Variac autotransformers must
55

be-== of the load current requirement.
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Still another variation is shown in Figure 2,22,
Note that a 110-volt unit controls a 550-volt load in
this case. The KVA rating is 6 x 110 x 5=3.3 KVA.
The disadvantage lies in the need (for switching,

which introduces a discontinuity between sections.

UNIT CAN BE
TAPPED WITCHED_FROM
AUTOTRANSFORMER SECTION TO SECTION
ALLOWS CONTROL OVER
g 110v UE; & A~—RANGE OF EACH SECTION.

AC
L AUTOTRANSFORMER

LOAD
0-550w

Figure 2.22,
A tap-switching circuit for line-voltage adjustment.

Two Variac autotransformers can be combined
with a supplementary transformer to give a coarse/fine
control as shown in Figure 2.23. The 2-ampere model
and supplementary transformer make an effective
vernier adjustment.

20-AMP
VARIAC AUTOTRANSFORMER 10:1 TRANSFORMER
~ 00000 -
LINE 20-AMP
LOAD

2-AMP

VARIAC

AUTOTRANSFORMER

Figure 2.23.
Line-voltage adjustment with a coarse/fine control.

FIELD
RECTIFIER

VARIAC ARMATURE
AUTUTRANSFORMER RECTIFIER

L

LINE

T [

Figure 2.24,
Basic circuit of Varidac autotransformer

motor speed control,
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Often the Variac autotransformer is used as both
a fixed and variable transformer at the same time.
Figure 2.24 shows the basic circuit in the General
Radio Speed Controls. Here the step-up ratio of the
Variac autotransformer is used to secure high excita-
tion for the field.

2,7 CONSTANT-IMPEDANCE LOADS.

We have been concerned to this point only with
constant-current (or substantially so) circuits. In
practice, most loads have a constant impedance and
draw a current that is proportional to the applied volt-
age. (Some notorious non-linear exceptions are incan-
descent lamps, "Globar” heating elements, and dc
rectifier-motor combinations.) The constant-impedance
load readily lends itself to a straightforward mathe-
matical analysis.

Again refer to Figure 1.5. Let I} = aI,, . Then

Ip =alj =a? Lnax

and Ig=(l-a)lf =(a-ad)l,,,

The copper loss = ZW = lf, (L-a)R + I§ aR

= g4 |2

max (1= @R +(a-a)21l aR

max

=72 3 4
-J’maxR(a -a”)

do(@-a*)=3a-4a> =0

a=%
=72 27 81 \ _27 2
Maxiw-lmxn(64 256) 355G Gk

To determine the value of I, ;. that can be regu-
lated to zero without crossing the I} curve of Figure
1.6, locate the point of tangency of the straight line
with the curve. This, naturally, occurs where the two
values are equal, as are the two slopes. Let the
constant-impedance current be Iz¢ = a I 4.

Ig
I} =—— =1
! 5 7z
2~Ja-a2 &

22

d d
%’ZC :F‘;a'max =’max
d I 1 1
TH_IL -—2—“ i('z)(l-l‘a)
(o)
; IR 1-2a
i i =
max - 2(a - az)
2a (a-az)

Then 2a-2a% =2q%2-a

Ty
4

l -
and  Ipayx =Ig (1.5 374 — 9/16) *1:34dp

This is shown in Figure 2.25. Also note that a

constant-impedance load which draws respectively
1.5 and 1.3 times the rated current will fall below the

permissible current curve, I .

[7 A%
\ A

i /

y.

A

)
\

4

o] 02 o4 o6 o8 |
a

Figure 2.25. Load curves.



2.8 YARIAC AUTOTRANSFORMERS AS EQUIVALENT
CIRCUITS.

A Variac autotransformer and a fixed resistance
can be substituted for a variable resistor in alternating
current circuits, Figures 2.26a and 2.26 b, Values
should be selected to keep the brush current within
the unit rating. With the resistance as the brush load,
Figure 2.26(a), the limiting impedance will be the in-
put impedance of the autotransformer. Somewhat the
same technique can be applied to a capacitance sub-
stitued for the resistance.

EQUIVALENT RESISTANGE
INGREASES

VARIABLE
RESISTANCE

A
Yyy

EQUIVALENT : VARIABLE
>, RESISTANGE
EQUIVALENT
o' o o— *

FIXED RESISTORS
(a) (b)
Figure 2.26a. and b.
Variable resistance equivalent.

A load of specified power factor is often re-
quired for the testing of switches and circuit breakers
at power frequencies. Since the required load is usu-
ally inductive, an adjustable inductor is needed. Con-
ventional adjustable inductors for high inductance
values and high currents are often considered difficule
and expensive to build. A standard Variac autotrans-
former used with a small, fixed inductor can produce
effective inductance wvalues continuously wvariable
from one to several hundred times the value of the
fixed inductor, for currents up to 180 amperes. The
circuit is shown in Figure 2,27,

O

(*err)

EFFECTIVE INDUCTANCE H

FIXED
L - (LN DUCTANCE
o FIXED

Figure 2.27.
Inductance-multiplier circuit.

The unit in this circuit is functioning as a con-
tinuously variable impedance transformer, multiplying
impedance and inductance by the square of its turns
ratio. )

Inductance Range: When the unit is set for zero volt-
age applied to the fixed inductor (K = @), the effective
inductance is actually that of the winding,

Lvariac:
rather than the infinite value predicted by the formula

Leff = Ksz:'xed‘ where K is the turns rdtio. Thus the
range of obtainable inductance values has Lg;, . as a
lower limit and Ly ,..,  as an upper limit. A more

accurate formula for effective inductance, taking into
account the parallel inductance of the winding, is:

KzL,‘s'xed
(K2 Lfixed)
(Lvariac)

Leff =

which reduces to the earlier simplified formula when
K is not too great. Typical inductance values for
windings are given in Table 1.1, page 6.

Numerical Example: Taking arbitrarily a Type W10
model, which has a total winding inductance of ap-
proximately 6 henrys with 120 volts, 60 cps applied,
and a small fixed inductor of 25 mh, we obtain the
curve of effective inductance versus dial setting shown
in Figure 2.28, calculated from the above formula. The
range of inductance variation is 240 to 1. The maxi-
mum voltage that can be applied is 140 volts, and
maximum current is 13 amperes for the Type WI10.
Special Comments: No inductor is entirely free from
losses, and Variac autotransformers and any fixed in-
ductors that might be used withthem are no exceptions.
As a result, the effective inductance will be shunted
by an effective parallel resistance that should be
taken into account in some applications. Typical
parallel resistance values for windings are given in
Table 1.1. Another factor is the inrush current or
momentary surge when voltage is applied. This may be
significant in some instances. The surge magnitude

is a variable, dependent upon the last previous mag-
netic history of the core and the phase of the line
voltage.

The circuit in Figure 2.29, which provides a
variable-power-factor and variable-current load for
testing applications, is based on these principles.
The Variac autotransformer can be made to produce a
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lagging power factor with an inductor across it, or a
leading power factor when the inductor is replaced
with a capacitor. The current can be set to the desired
value with the rheostat.

25mh FIXED INDUCTOR

',/

\ EFFECTIVE
INDUCTANCE
\ Lett

Latt

v

EFFECTIVE INDUCTANCE

Y

200m AN
160w N

SN~

S~

D 20 40 L1} 80 100 20 140
VARIAC AUTOTRANSFORMER DIAL
READING FOR NORMAL 0-140v DIAL
Figure 2.28.
Curve of effective inductance versus
dial reading (calculated).

FIXED COIL
VARIAC
nbEn AN AUTOTRANSFORMER
TEST SEMES
RESISTANCE
LINE
Figure 2.29.

Test circuil to provide a variable-power-factor and
variable-current load.

Similarly, another circuit can be devised for
constant-power-factor, variable-current testing. Attenu-
ator and transformer testing often require runs with
this type of loading. These tests are, by nature, time-
consuming and tedious, since many adjustments of
resistive and reactive elements are required to pro-
duce a satisfactory plot of conditions. A circuit which
eliminates much of this tedium is shown in Figure 2.30.
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With this circuit, load variations with constant power
factor can be obtained quickly and easily. The neces-
sary power factor is obtained by selecting the proper
values of R and X. When the Variac autotransformer
is adjusted to a 1:1 turns ratio, the resistive and re-
active elements draw full load current at the desired
power factor. For other currents, the unit is adjusted

to produce other ratios. The load will appear as

N;\ 2

(N—;) (R +jX) where N and N, are the respective
primary and secondary turns. The parallel inductance
and resistance of the unit should be taken into account
for high transformation ratios (refer to Table 1.1). For
most uses, the simple expression is adequate.

This single-phase case can be extended to
three-phase testing with a three-phase Variac auto-
transformer assembly.

TRANSFORMER T " ! 2
OR N T
, VARIAC
ALTERNATOR Ne AUTOTRANS- |LOAD
BEING TESTED FORMER
Figure 2.30.

Constant-power-factor,
variable-current test circuil.

How Not To Do It: One may reasonably ask why it
would not be simpler to obtain variable inductance

using a Variac autotransformer alone, making con-
nections to the brush and to one end of the winding
and leaving the other end of the winding free, as in
Figure 2.31. Actually, this practice is apt to result
in a burned-out autotransformer. Under certain con-
ditions of load and line voltage, the volts per turn

SECTION "A"
—

Q
Figure 2.31.
HOW NOT TO DO IT!

UNUSED




applied to the unit may easily exceed safe limits, re-
sulting inexcessive current in the turn or turns bridged
by the brush, with consequent overheating of such
turn or turns, even to the point of burnout,

Other Applications: In addition to producing variable
inductance from a fixed inductor, a Variac autotrans-
former can also be used to produce variable capaci-

tance or resistance (as in Figure 2.26) from a fixed
resistor. Depending on the application, the effect of
the inductance or effective parallel resistance of the
winding may or may not have to be taken into account.
In particular, resonance effects may be obtained when
capacitors are used.

Along the same lines, it is possible to construct
an element having independently adjustable phase
angle and impedance (Figure 2.32). The theoretical
phase-angle range is from +90° to -90° as R varies
from infinity to zero. This will be limited by finite
resistance in the inductors.

Z ADJUSTMENT

Jo.4l4n

10.414 8

CrADJUSTMENT

= |

|

~jl41407

Figure 2.32.
Phase angle and impedance independently adjustable,

2.9 POLYPHASE CIRCUITS.

Each Variac autotransformer of a polyphase
system can be assumed to be operating as a single-
phase device, with the same limitations as for single-
phase circuits. The series circuit, however, does not
lend itself conveniently to polyphase operation. For
either wye or delta circuits, series operation usually
requires separate isolation transformers.

The similarity of Figure 2.33 to the series circuit
(Figure 2.15) can be noted. The connections can be
made for line or overvoltage (as in Figure 2.1 or 2.2).
The KVA rating is the sum of the two ratings multi-
3

2
unit, if identical) due to the phase angle between the
Variac autotransformer voltage and load current. Open-

plied by or 0.866 (or 1.732 times that of a single

delta circuits may also be comprised of parallel units
in each leg (see Figures 2.3 and 2.4).

Y-
§

Figure 2.33.
Open-delta circuit.

It is well to note here that a closed-delta as-
sembly is impractical. This is shown in Figure 2.34.
As indicated by the arrows, the brushes simply move
from line to line. The voltage between brushes drops
to one-half of line voltage at the midpoint and then
increases again. This circuit is a good phase-shifter,
but a poor voltage controller.

INCLUDED TO DEMONSTATE
IMPRACTIBILITY

S

Figure 2.34.
Closed-delta circuit - DO NOT USE,

The circuit in Figure 2,35 takes advantage of
the fact that the delta (A) and wye (Y) voltages in a
three-phase network are in the ratio of the {3 or 1.732.
Thus, if the voltage between 1 and 2 is 240, the volt-
240
1.732
units are wound for 140 volts across the whole winding,
three 120-volt units can be wye connected, as shown,
in a 240-volt, three-phase system without exceeding
the volts-per-turn limitation. The overvoltage feature
must be omitted with a wye connection. However, the

age between 1 and ] is = 138. Since 120-volt
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KVA ratio is increased by a factor of 138/120. The
load rating of a wye-connected assembly is 3.47 times
that of a single unit. Similarly, 240-volt units may be
used on 480-volt, three-phase systems.

Note that if only one three-phase voltage is
given, it usually refers to the line-to-line, or delta,

voltage. If two voltages are given, as 208/120, the
larger voltage is the delta voltage; the smaller is the
wye, or line-to-neutral voltage. In four-wire systems,

the neutral may be connected to junction ]J.

|

Figure 2.35.
Three-phase wye circuit.

Three-phase loads may be either wye or delta
connected. In all cases, the limiting current is the
brush current, just as in single-phase operation. Since
a wye-load element connects directly to the brush in
either open-delta or wye wiring, the wye phase current
must not exceed the Variac autotransformer current
limitation. Figure 2.36 (a and b) shows the relation
between wye- and delta-load resistance, current, and
voltage.

As an example, consider a three-gang, 120-volt,
G-ampere assembly, wye connected for 240 volts.

Maximum current is 7.8 amperes.

= 138 volts.

o 2
Wye voltage is

1.732

Ry is . 17.7 ohms, minimum.

7.8
Rp =3 x 17.7 =53.1 ohms, minimum.
240 7.8

ip =—— =—=—=4.5 amperes, maximum.
A%531 1B ;

KVA=78x138x3 =3.24 or
=4.5x240x 3 =3.24

Obviously, a two=-gang assembly can be used to
control each phase of a two-phase circuit separately.
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No circuit diagram of this is shown, since each phase
is treated in the same manner as a single-phase circuit
(Figure 2.1 or 2.2).

Numerous tricks are possible with polyphase
circuits. Many of these have appeared in the GENERAL
RADIO EXPERIMENTER from time to time, Only those
circuits which are most frequently used are included

here.

() ' i (b)
Va® V3 Vyi Ra= 3Ry; 'h._Lv‘T

Figure 2.36a, and b,
Wye-to-delta transformation.

A most ingenious circuit is shown in Figure
2.37. Here the delta load can be separated into three
discrete single-phase loads. The circuit permits a
3:1 variation in power. Note that the brush on the unit
connected to line 1 moves between points 1 and J.
The load connected to this brush terminates on line 3.

3-PHASE ,
LINE O—y

Figure 2.37.
Srecial limited-range three-phdse circuit.

The voltage across the load is changed from delta to
wye voltage as the brush traverses the winding, Since
the delta-to-wye transformation ratio is {3, and since
_(volts) 2

= ’ th M \r 2 - ; Usi
renistance T PRVCK SRUERAS (N3)4 =3. Using

power



this circuit, the rating, which would be 3.24 KVA,
(Figure 2,36) increases to 7.8 x 240 x 3 = 5.6 KVA,
an increase of (V3-1) 100 =73.2%. In effect, by limiting
the control range as described, the delta load current
is increased to the wye load current.

Rectifier circuits are particularly suited for
three-phase operation. The most popular is the three-
phase full-wave, or six-phase, rectifier circuit (Figure
2.38). Not only does it deliver a relatively high volt-
age, but the overlapping effect of the three phases
reduces inherent ripple.

Never operate half-wave rectifiers from Variac
autotransformers unless an isolation transformer capa-
ble of handling the unbalanced dc component is used
between the autotransformer and the rectifier. Variac
autotransformers are not designed to hanile any ap-
preciable direct current and will almost certainly fail

if so used!

It should be remembered that,for maximum power
and efficiency, the three legs of a delta or wye load
must be equal. With a four-wire system, a balanced

load reduces the current in the neutral wire to zero.

O—

PHASE | PHASE 2 PHASE3

—o+

Figure 2.38,
Use of rectifier circuils for three-phase operation.

2.10 PHASE-SHIFT CIRCUITS.

Three-phase circuits with bridging Variac auto-
transformers make excellent phase-shifters (see Figure
2.34). About the most useful of these circuits is shown
in Figure 2.39. Here, V is output voltage that is shifted
in phase as the brush traverses from line 1 to line 2,
The fixed terminal of V may be line 3 or the neutral,
line 4. If line 3 is the fixed terminal, Figure 2.39 (a),
the maximum phase shift is 60 °, and V varies in magni-

tude from the delta voltage E to %E at 50% dial ro-

tation. If the neutral, line 4, is the fixed terminal,

Figure 2.39 (b), the maximum phase shift is 120°, and

B

E
V' varies from the wye voltage ‘J__3 tcz?at 50% dial

rotation. These circuits are useful in calibrating watt-
meters and in measuring values of phase angles by
comparison methods. A second unit may be connected
across the variable-phase output to maintain a constant
voltage.

In addition, the single-phase circuits for paral-
lel operation(Figures 2.3 and 2.4), step-down (Figure
2.16), buck-boost (Figures 2,17, 2,18, 2.19), and
special cases (Figures 2.21, 2,22, 2.23, 2.26), may be
applied to either open-delta or wye circuits by treating

each phase arm as a single-phase circuit.

| _ 2 | f—— 2
o \Qﬁr /—o o - Zo
V3
g E OR v/
() I/ [b)4°/E
o
3 3

Figure 2,39a. and b.
Phase-shift circuits,

2.11 MOTOR-DRIVEN MODELS.

Motor-driven models offer a convenient assembly
for either remote positioning (by push-button or switch),
or for servo applications (as in the GR Type 1570-A
Automatic Voltage Regulator). As shown in Figure
2.40, a geared, two-phase, reversible motor is con-
nected to a Variac assembly in the same manner in
which another ganged assembly would be added.

Figure 2.40,
Motor-driven 3-gang Variac autotransformer.
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Various combinations of gearing and stops are avail-
able to yield wide ranges of torques and speeds. In
general, larger Variac assemblies will require slower
speeds and higher-torque drives. Mechanical stops,
which relieve the radiator of stopping stresses, are
used for the higher speeds. For lower speeds, where
the motor gearing is inadequate to withstand the strain
of a mechanical stop, electrical limit switches are
employed.

Figure 2.41,
General Radio Type 1590-A Remote Control
for use with motor-driven Variac autotransformers.

The two-phase motor supply may be derived
either from a servo amplifier, or from the 120-volt
mains, using a capacitor to secure the necessary phase
shift. Standard motors are supplied for 120 volts, 50-
60 cps. Table 2.1 lists torques, speeds, and standard
accessories and shows the relationship between these
and the various standard Variac autotransformer as-
semblies. All motor-driven models are supplied with
ball bearings in the interest of long life and constant
torque.

It will be noted that, in general, higher speeds
are provided for servo applications than for remote
positioning. This is done to provide greater response
speed and better accuracy, which are important for
servo work. The high-speed units are considered un-
suitable for remote positioning, as the speed is too
great for human reaction; hence they are supplied for
servo operation only. Since the high-speed, low-torque
motors are offered for servo operation only, mechani-
cal limit stops are provided. On the low-speed, high-
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torque units, limit switches are mandatory. At inter-
mediate speeds, the choice is optional.

2.12 REMOTE CONTROL OF VOLTAGE SETTING.

Motor-driven Variac autotransformers can be con-
trolled from a remote point by the Type 1590-A Remote
Control shown in Figure 2.41. This device is a closed-
loop servo mechanism, whose elementary circuit is
shown in Figure 2.42.

s P Y

— 1 LINE
LOAD

Figure 2.42.
Elementary schematic diagram
of Type 1590-A Remote Control.

2.13 SPECIAL MODELS.

2.13.1 GENERAL.

General Radio Company welcomes inquiries con-
cerning special models and we are glad to furnish
them when the quantities involved are sufficient to
make productior economically practicable. Series W
models are designed so that many medifications are
possible at some increase in cost and with longer
delivery schedule.

Some simple modifications are:

shifting or addition of a tap;
inclusion of a traverse-limiting stop;
changing of .shaft length;

use of fungiciding treatments;
inclusion of ball bearings.

Some of the more complex modifications are:

changing of wire size, to adjust voltage and
current ratings to a different set of limits;
inclusion of locking devices;



STANDARD EXTERNAL GEAR RATIOS

MOTOR

ALL MOTORS (A [ 2:1 [ 4:1]

SHOWN ARE {B T 21| 41 81

60-CYCLE  |C . 21| &1 81
SECONDS FOR 320° - |
TRAVERSE 2 | 4| 8| 16| 32 | 32| 64 | 128

| .

TORQUE~OUNCE- _ :

INCHES 30 | 60 | 120 240| 480 | 240 | 480| 960

TYPE

M2 0 | o] or| or R | R| &
M2G2 0 | 0 OR| OR R | R[S
M2G3 0 | OR| OR R | R | S
M>5 0 | 0 OR| OR R | R| S
M5G2 0 | 0| OR| OR IR R| S
M5G3 0 | OR| OR R _ R[S
ML0 O [ O OR[ OR| OR! R | R
M10G2 O | OR| OR| OR | R | R
MI0G3 OR| OR| OR | R | R
NI20 § T O OR| OR| OR | R | R
M20G2 5 |5 | OR| OR| OR | R [ R
M20G3 S [ OR| OR[ OR R L R
W2 O | O] OR| OR R R ]S
W2G2 0 | O OR| OR R | R]| §
W2G3 O | OR | OR R | RS
W5 0 | O OR[ OR R R[S
W5G2 0 | 0 OR| OR R IR S
W3G3 0 | OR| OR R | R[S
W5L 0 [ O OR| OR R | R| S
W5LG2 0 | O | OR[ OR R | R | S
W5LG3 0 | OR| OR R I R]| S
WH 0 [ 0 OR| OR R | R | S
W5HG2 0 | 0 OR| OR R | R]| S
W5HG3 0 [ OR| OR R | R .S
W8 0 | 0 OR| OR R | R[S
W8G2 0 | 0 OR| OR R | RS
W8G3 0 | OR| OR R | RS
WSL O | 0 OR| OR R | R| s
WSLG2 O | O | OR| OR O
WSLG3 0 | OR| OR R | R | S
W10 0 | O | OR| OR| OR R | R
W10G2 O | OR| OR| OR R | R
W10G3 OR| OR| OR R | R
W10H O |0 OR| OR| OR R | R
WI0HG2 0 | OR| OR| OR R | R
WI0HG3 OR | OR | OR R | R
W20 S 1O [OR|OR|OR R | R
W20G2 S |s [OR[OR|OR R | R
W20G3 S | OR| OR| OR R | R
W20H S [0 |OR| OR| OR R | R

—W20HGZ S | S | OR| OR| OR R | R
W20HG3 S | OR | OR | OR R | R

W30 S O [OR| OR| OR R | R
W30G2 S [5 [OR]OR R | R
W30G3 S 15 |OR R | R
W30H S |0 | OR| OR| OR R | R
W30HG2 S [ S [OR[OR R | R
W30HG3 S |S [OR R_| R
W50 S S [OR|OR R | R
W50G2 S S |OR R | R
W50G3 S | S | OR R_| R
W50G4 s |s s | R
W50G6 B s TR
W50H S [S |OR|OR R | R
W50HG2 S |5 |OR R | R
W50HG3 T 1§ | OK R | R
W50HG4 S s ETH
W50HG6 s il

TABLE 2.1

Available motors for motor-driven models.

NOTES:
O - Servo applications only.
R - Remote positioning only.
OR - Either servo or remote positioning.
5 - Requires a special motor (see below);
column headings for torque and
gearing do not apply.

M models have 60-cycle motor on 400-cycle
Variac autotransformer.

Motor A is intended for servo operation only.
Microswitches are optional; capacitor is supplied.

Motor B may be servo or manually operated.
Microswitches are optional; capacitor is supplied.

Motor C is intended for remote positioning only.
The torque exceeds the limits of the mechanical
stop; microswitches are necessary; capacitor is
supplied.

Motors in the S series are high-torque motors
and are available on special order. They are
intended for remote positioning only. Micro-
switches are necessary; capacitor is supplied.
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addition of one or more independently con-
trolled brushes (refer to Section 2.13.2);

inclusion of overload protectors;

provision for 360-degree rotation;

militarization for operation in humid, tropical
conditions.

Models can (on special order) be supplied less
knob, dial, etc., at lower net prices. Explosion-proof
housings for Variac autotransformers can be purchased
from Crouse-Hinds Company, Syracuse, New York.

2.13.2 MULTIPLE BRUSH CIRCUITS.

The ball-bearing and wire-size modifications re-
quire no discussion; their purposes are obvious. With
the multiple-brush modification, the uses may not be
apparent at first. It is possible on most models to
supply an extra brush track as, for example, on the
end of the coil opposite the existing brush track. With
suitable switching, a two-brush model can be used to
provide adjustable “stand-by” and “operate” settings
for electronic equipment, or a double-brush model can
supply two independently adjustable voltages.

When the loads on the several brushes of a
multiple unit all return to the same side of the supply
mains, the sum of the brush currents must not exceed
the rated current of the autotransformer. No gain in
power output is possible. The multiple brushes merely
yield a more flexible control device.

One double-brush application that deserves spe-
cial notice is shown in Figure 2.43. Here the loads
are returned to opposite sides of the line. Under these
conditions, each load can draw full current without
overloading the unit. The power output is doubled. Of
course, only one load can be grounded, but in many
cases this is unimportant. The case is somewhat
analogous to Figure 3.3, for when the load currents
are equal and both brushes are together, the unit will
carry no load.
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O

2 LOADI
LINE ”l
7 2 LOAD 2

Figure 2.43.
Power-doubling circuit,

If the two brushes are geared so that they travel
equal and opposite amounts, and they are used to feed
two equal primaries of a supplementary transformer,
the output of the transformer will be doubled over the
values possible in Figures 2.16, 2.19, 2.21, 2.23. The
circuit is shown in Figure 2.44.

Each primary of the supplementary transformer
will have wire of 1/2 the cross section of a single
primary, and will contain the same number of turns. If,
for example, a 12-ampere, single-brush unit is required,
a G-ampere, double-brush model will do as well.

BRUSHES MOVE EQUALLY IN
j-\ OPPOSITE DIRECTIONS

. »
SUPPLEMENTARY

LINE TRANSFORMER

Figure 2.44.
Transformer power doubler.

2.14 LINE AND LOAD CONNECTIONS.

The following diagrams show the proper con-
nections for stated line and load voltages, with the
Variac autotransformer models that may be used. The
type of mounting for clockwise increasing voltage is
also given. If counterclockwise increasing voltage is
desired, use the surface-mounting connections for
back-of-panel mounting and the back-of-panel-mounting
connection for surface mounting.



Types M2, M5,
W2, W5, W8
Line 120 v,
Load 0 - 140 v.

Type W5H
Line 240 v.
Load 0 - 280 v.

£SURFACE MOUNTING

Types M2, M5,
W2, W5, W8

Line 120 v.
Load 0 - 120 v.

Type W5H

Line 240 v.
Load 0 - 240 v.

TERMINAL BOARD CONNECTIONS FOR CLOCKWISE INCREASING VOLTAGE.*

Types M2, M5,
W2, W5, W8

Line 120 v.
Load 0 - 140 v,

Type W5H
Line 240 v.
Load 0 - 280 v.

BACK-OF-PANEL
MOUNTING

Types M2, M5,
W2, W5, W8

Line 120 v.
Load 0 - 120 v.

Type W5H

Line 240 v.
Load 0 - 240 v.

! BACK-OF-PANEL
| b6 16 B SURFACE MOUNTING MOUNTING

Type W5H Type W5H
Line 120 v. Line 120 v.
Load 0 - 280 v. Load O - 280 v.

SURFACE MOUNTING BACK-OF-PANEL

S

MOUNTING
| O o 7L T PR o1 | R
p—— | | NE——
Types W5L, W8L Types W5L, W8L —-|LGAD|- -q_*
M Line 120 v. Line 120 v. r > 3 p 1
: Load 0- 120 v. Load 0 - 120 v. I :
|

| | |
| SURFACE MOUNTING BACK-OF-PANEL i |
; MOUNTING ; :
________ ] b1

(continued on following page)
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(continued from previous page)

Types M10, M20, W10, W20,

Types M10, M20, W10, W20,

. W30,W50

Line 120 v.
Load 0 - 140 v.

Types WI0OH, W20H, W30H,

W30, W50

Line 120 v.
Load 0 - 140 v.

Types W10H, W20H, W30H,

W50H

Line 240 v.
Load 0 - 280 v.

SURFACE MOUNTING

Types M10, M20, W10, W20,

W50H

Line 240 v.
Load 0 - 280 v.

BACK-OF-PANEL
MOUNTING

Types M10, M20, W10, W24

W30, W50

Line 120 v.
Load 0 - 120 v.

Types WI10H, W20H, W30H,
W50H

W30, W50

Line 120 v.
Load 0 - 120 v.

Types WI10H, W20H, W30H,
W50H

Line 240 v. Line 240 v.
Load 0 - 240 v. Load 0 - 240 v.
BACK-OF-PANEL
SURFACE MOUNTING MOUNTING

Type W10H, W20H, W30H,
W50H

Line 120 v.
Load 0 - 280 v.

SURFACE MOUNTING

Types WI10H, W20H, W30H, |
W50H |

Line 120 v.
Load 0 - 280 v.

BACK-OF-PANEL
MOUNTING

*|f counter-clockwise increasing voltage is desired, use the above
surface-mounting connections for back-of-panel mounting and the above
back-of-panel-mounting connections for surface mounting.

Series M models are designed for 350 to 1200 cps.
Series W models are designed for 50 to 60 cps.

Models designed for 240-volt, 50— to 60—cycle service can be used on
a 25-cycle supply at full current rating, but at one-half their voltage
and kva ratings.

32



SECTION 3

SOME SPECIFIC APPLICATIONS

3.1 INCANDESCENT DIMMING.

Variac autotransformers are excellent for con-
trolling illumination levels. Their “"built-in” features
provide many desirable gualities that are not often
found in other types of illumination controls. Smooth,
silent and continuous control, low maintenance costs,
cool running, and small size are afew of these features.

Another important feature, which is inherent in
the design of the Variac autotransformer, is its ability
to withstand temporary current surges up to ten times
the nominal rating (see Figure 1.5). This feature pro-
tects the unit against high inrush currents that are
drawn by incandescent lamps when their tungsten fila-
ments are cold. The tabulation given in Table 3.1 will
give some idea of the magnitude of inrush currents.

TABLE 3.1

Values of inrush currents drawn by incandescent lamps.

1
120-V | Theoretical | Actual Max.| Time for Current to

Lamp | Normal Inrush Current by Reach | Fallto

Wattage | Current Current Test Max. | Normal

Value Value

Watts Amperes Amperes Amperes Seconds Seconds
75 0.625 9.38 T 0004 .07
100 0.835 13.0 9.0 L0007 .10
200 1.67 26.2 17.2 .0008 10
300 2.50 40.0 26.2 L0011 .13
500 4.17 67.9 45.7 L0014 .15
750 6.25 101.9 51.7 0021 17
1000 8.33 142.4 65.2 0031 | .23

When a heavy lamp load is to be dimmed by
means of a Variac autotransformer, the inrush current
should be calculated to determine if it will be within

the handling capabilities of the unit. When high initial
surges are possible, the pointer should always first
be set to zero. A further protection would be to incorpo-
rate a switching circuit which would shunt out the unit
during periods of initial inrush current flow. When the
current reaches its -nominal value, the autotransformer
could then be switched back into the circuit. Surge
protection should always be used with both resistive
and reactive loads that can produce high inrush
currents.

However, certain applications often preclude
the use of switching circuits and the setting of the
pointer to zero for protective purposes. In these cases,
a choke coil may be inserted in series with the load
to limit the inrush current to a safe value.

The inductance of current-limiting chokes can be

calculated from the following formula:
- Load Voltage (29)

31.4 fIp
where L. = inductance in henrys
f = line frequency in cps and
Ip =rated current of the Variac autotrans-
former in amperes.

The choke should be large enough to maintain
its inducrance at tentimes the rated current and should
be capable of carrying the load current continuously.
The choke will not seriously reduce the load voltage.
Under the worst possible conditions, the voltage drop
across the choke will never exceed 4 percent of the
operating voltage, and the choke will still effectively
limit the surge.
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The wiring of a dimming circuit that utilizes
autotransformer control without a choke is a straight-
forward matter, as can be seen from Figure 3.1. Figure
3.2 shows the circuit with a choke to limit the inrush
current.

VARIAC
AUTOTRANSFORMER
LINE
T LAMP
Figure 3.1.

Dimming circuit with autotransformer control.

VARIAC
AUTOTRANSFORMER

Figure 3.2.
Addition of a choke to the
dimming circuit limits the inrush current,

A clever variation of this circuit which provides
simultaneous dimming and brightening is shown in
Figure 3.3. With both switches closed, one lamp will
dim while the other brightens as the brush is moved.
If one switch is opened, only one lamp circuit will
function. If both lamps have equal voltage ratings,
the autotransformer will carry no load when the brush
is in the center position, since the lamp currents are
equal. Note that Underwriters’ specifications require
that one side of a lamp circuit must be grounded. This
circuit should not be used in the wiring of buildings.

3.2 FLUORESCENT DIMMING.

Dimming of fluorescent lamps by a simple re-
duction of the applied voltage ytelds a very limited
range. Unlike the incandescent lamp, the fluorescent
lamp requires a constant, relatively high voltage across
it to maintain the arc discharge necessary for illumi-
nation. Only a limited decrease in illumination level
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(about 50% of normal) can be accomplished before the
circuit becomes unstable, and the lamps go out. Fluo-
rescent dimming at present is quite restricted and is
limited in use to only the 40-watt, rapid-start, Type
T-12, hot-cathode, fluorescent lamp. In addition, a
special ballast is required that is designed to main-
tain constant heat on the lamp electrodes. Currently,
there are two types of variable-reactance fluorescent
dimming systems on the market. The basic difference
in the two systems lies in the method of connecting
the autotransformer into the dimming circuit.

A
O |
VARIAC
AUTOTRANSFORMER
LINE
——Ws
Figure 3.3.

Circuit for simultaneous dimming and brightening.

In the system used by the Ward Leonard Electric
Company, the autotransformer is connected across the
line as shown in Figure 3.4. This system is designed
for operation on a 120-volt, 60-cycle, 2-wire line to
the dimmer. A single ballast is required for each lamp.
The Varistat autotransformer dimmer, as supplied by
Ward Leonard, is capable of handling up to forty, 40-
watt, Type T-12 lamps. Additional capacity can be
obtained with ganged autotransformers connected to
separate lighting circuits. A dimming range of 500 to
1, that is, down to 0.20 percent of maximum light out-
put, can be obtained with this circuit.

VARIAC
AUTOTRANSFORMER g
70 OTHER
LINE ' |I $ BALLASTS
N
X UiMes

4 3

! | T 4omarr

| RAPID-START
LAMP

) -

5 l
Figure 3.4.

Ward-Leonard dimming system.
The transformer can be omiited if a 146-volt
output is available from the Variac autotransformer.



In the variable-reactance dimming method de-
veloped by General Electric Company, the autotrans-
former winding is connected in series with the line.
The wiring diagram is shown in Figure 3.5. This
circuit permits dimming down to 2 percent of full
brightness (dimming range of 50 to 1). Since the auto-
transformer is in series with the line, a compensating
reactor is needed to keep the volts-per-turn ratio on
the autotransformer from becoming excessive. In ad-
dition, if the lamps are not connected into metal
fixtures, a grounded, one-inch-wide, metal strip should
be placed behind each lamp.

40-WATT
RAPID-START LAMP
g} €]

BALLAST

sk

=,
LINE TO OTHER
BALLASTS
(= £ — AND
LAMPS

Figure 3.5.
General Electric dimming system.

3.3 COLD-CATHODE LAMPS AND DIMMING.

One type of fluorescent lamp which can be
dimmed directly with a Variac autotransformer is the
cold-cathode type. This type of lamp does not have
the usual heated filaments; but instead has thimble-
shaped, cylindrical electrodes at each end. The cold-
cathode lamp utilizes electrical field emission. The
most common type of cold-cathode lamp is the neon
sign. These same principles of high field emission
have also been extended to general-purpose lighting.
The lamps are not generally available, as are the hot-
cathode types, and often must be custom made. The
usual operating voltages encountered run from 2000 to
15,000 volts, depending upon the size and number of
lamps used. The primary of this step-up transformer
can be controlled directly by a Variac autotransformer.

Figure 3.6 shows a plot of the dimming charac-
teristics of cold-cathode lamps. Shown are the vari-
ations in light output from a single-lamp circuit up to
an eight-lamp, parallel-connected circuit. It can be

noted from the plot that, at illumination levels below
10 percent of total light output, lamp flicker is likely
to take place. The boundaries of this zone are not
definite since lamp characteristics, lamp age, and
line-voltage regulation all vary. In general, the greater
the lamp load in the circuit, the more pronounced is
the tendency to flicker.

3.4 PHOTOGRAPHY.

Maintenance of proper color temperature in
studio lighting poses problems when the available line
voltage is below the rated value of the photolamps.
Such a situation can easily occur when high-wattage
studio-lights create severe loads, which cause corre-
sponding drops in line voltage. Illumination that is not
at the correct value of Kelvin temperature (a measure
of the actinic quality of light) can cause serious color
unbalance to appear on the film. These effects are not
important in black and white photography, but do create
a problem with color film rated for a specific Kelvin
temperature. The curves shown in Figure 3.6 show
the variability of photo-lamp color temperature with
voltage. When the Kelvin temperature of the illumi-
nation is below the film’s requirements, the film will
register an overabundance of reds and yellows. Con-
versely, when the temperature is too high, there will
be an increase in the blues, and the resulting photo-
graph will have a "cool” quality.

120, T
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Figure 3.6.
Dimming characteristics of cold-cathode lamps.

Color films for artificial lighting are rated in
two types: those for use with 3200° Kelvin lamps,
that are designated as Type B (commonly used by pro-
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fessionals) and those for use with “photoflood” lamps,
rated at approximately 3400° Kelvin. The latter are
designated as Type A.

To adjust for color temperature, make a voltage
measurement at the lamp terminals. This gives an indi-
cation of the color temperature (see Figure 3.7). The
voltage can be conveniently adjusted by a Variac auto-
transformer.

CURVE A FOR TYPICAL PHOTOFLOOD LAMPS (3435°K)
3700| CURVE B DATA FOR 3200°K LAMPS
x POWER CONSUMPTION OF LAMPS VARIES
'z 3s00| FROM 250 TO 1000 WATTS
w 3500 —
g L1
E 3400 I
¥ 3300 — _ ——
z - bl Ui
- 3200 —
L1 T
.3 -
g 3100
) =
O 3000f—=
2800
95 100 [[+1.] 1o 1ns 120 125

APPLIED VOLTAGE

Figure 3.7.
Variability of photoflood color temperature
with voltage,

Variable line voltage also presents problems in
color-photo printing.* The printing operation requires
separate red, green, and blue exposures. The color
correction filters which are used are based on the
color temperature of the enlarger lamp when it is oper-
ating at correct line voltage. Any shift in this voltage
will cause a change in the color temperature. This
change in temperature causes a change in the relative
qualities of primary colors present in the white light.
With a drop in line voltage, the white light is no longer
white, but shifts toward a yellow hue. This can be
explained from the curve in Figure 3.8. It can be seen
that, as the illumination (voltage) falls, there is a drop
in the intensity of the red, green, and blue components.
The drop in intensity level is different for each color.
If uncorrected, the variable rate of intensity will cause
serious unbalances in the color print. For this reason,
the line voltage must be kept at the lamp rating.

*This text is based on color printing techniques using
Kodak Color Print Material, Type C and Type R.
(Refer to "Kodak Color Handbook™.)
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Prior to making a final color print, two determi-
nations must be made: (1) the exposure that will result
in satisfactory color density and (2) the proper combi-
nation of filters to give good color balance. This is
accomplished by a series of trial exposures taken with
various sets of filters. In order to achieve any sort of
accurate test information, it is necessary that the volt-
age supplying the enlarger lamp be held art its rated
value, Here a Metered Variac autotransformer or a
Type 1570 Automatic Voltage Regulator is most useful.
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Figure 3.8.
Variability of primary colors in white light
versus lamp voltage.

3.5 THE VARIAC AUTOTRANSFORMER AS A LABO-
RATORY TOOL.

The most common use of Variac autotransformers
in the laboratory is as a source of variable ac voltage.
In this connection, they offer a means of calibrating
ac voltmeters and ammeters. Simply connect the volt-
meter to be calibrated and a standard voltmeter across
the secondary side of the autotransformer, as shown
in Figure 3.9,

LINE STANDARD
cl) VOLTMETER

Figure 3.9.
Circuit for calibration of an ac voltmeter.



As a further refinement for calibrating high or
low meter ranges, a step-up or step-down transformer,
or one with a multi-tapped secondary, can be used to
improve the adjustment range. See Figure 3.10.

LINE STANDARD
T VOLTMETER

Figure 3.10.
Use of a transformer for calibration of high

or low meter ranges.

By the insertion of series resistors of appropri-
ate values into the secondary circuit, ammeters can
also be calibrated. The step-down transformer allows
the use of Variac autotransformers which have current
ratings below that of the ammeters. See Figure 3.11.

O
LINE
Q

0,
®

Figure 3.11.
Insertion of appropriate resistance values in
this circuit permits calibration of an ammeter.

A Variac autotransformer can also be employed
as an adjustable-ratio current transformer, to increase
the effective range of an ammeter. In this setup, it is
necessary to calibrate the Variac-autotransformer and

meter combination prior to use. See Figure 3.12.

VARIAC
AUTOTRANSFORMER
‘h-
INPUT PRI SEC < LOAD
Figure 3.12,

Use of a Variac autotransformer as an
adjustable-ratio current transformer.

The circuit in Figure 3.13 can be used to pro-
vide a voltage source of zero to 260 volts for testing
purposes.

P

T ,JO, 120-v_VARIAC
v AUTOTRANSFORMER
l 120V 0-140y
51 * 120-260v
Figure 3.13.

Circuit for a voltage source of 0 to 260 volts,

O ) L
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Figure 3.14.
Circuit of Figure 3.13 with push buttons and
relay for switching.

2 [ RELAY CONTACTS
MICROSWITCH OPERATE L
BY ARM OF VARIAC
AUTOTRANSFORMER T
- PONTB - A LOAD
B e—

RELAY
coiL T

Figure 3.15.
Circuit of Figure 3.13 with automatic switching.

X

N 7
k

Another arrangement is shown in Figure 3.14.
The switching from one range to the other is performed
by push buttons and a relay. Figure 3.15 shows a simi-
lar circuit which has automatic, rather than manual,
switching. This involves mounting a limit switch on
the unit in such a way that the switch is operated by

the brush arm just as it reaches the end of its travel
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in the increasing-voltage (clockwise) direction. This
actuates ‘a latching-type transfer relay which transfers
end A of the winding from point X to Z. In this po-
sition, counter-clockwise rotation of the knob in-
creases the voltage up to 240 volts. The voltage is
reduced in the same manner by going through two ro-
tations in the opposite direction. The interrupting duty
on the contacts of the transfer relay is not severe,
because the transfer is made when only the magnet-
izing current is flowing through the winding.

An easily constructed high-voltage insulation
tester that can be made using a Variac autotransformer
is shown in Figure 3.16. The lamp glows brightly when
the insulation under test fails. The lamp also acts as
an effective current limiter. The meter reading timés
the turns ratio of the step-up transformer indicates the
breakdown voltage.

AL

Figure 3.16.
Circuit for insulation-breakdown testing.

3.6 HEATING APPLICATIONS.

Many of the preceding circuits can be used to
control the temperatures in electrically heated devices.
Variac autotransformers possess many advantages over
resistance-type controls. They are smaller in size.
Resistive controls dissipate and waste power which is
not used in the actual heating process. As a result of
this power dissipation, resistive controls run at higher
operating temperatures than Variac autotransformers.

A high-efficiency heater and controller for labo-
ratory use can be made by using a reflector-type, infra-
red lamp and a Variac autotransformer. This type of
heating is very useful in the distillation or evaporation
of flammable materials. Should vessel breakage occur,
there is no danger of the material coming in contact
with an open flame. Also, this type of heating can be
accurately controlled, since there is no significant
heat retention in the lamp. In addition, the heat can
be turned off almost instantly. Conversely, since there
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is not significant warm-up time, heat can be applied
almost instantaneously.

An application of Variac autotransformers to
heat control in the medical field can be found in the
use of thermocauters, small-size surgical probes with
heated-wire ends. They are used to cauterize internal
wounds. Accurate heat control is essential — too much
heat injures healthy tissue adjacent to the wound,
while too little heat fails to cauterize the wound suf-
ficiently. Thermocauters generally operate in the 0O-to-
10-volt range, with a current demand of about 30
amperes.

HEATER

Figure 3,17,
Thermostatic control for multiple temperature settings.

Figure 3.17 shows a circuit that can be used
to maintain constant heater temperature at a variety of
settings. The thermostat is the adjustable type and is
initially set to the desired temperature. The Variac
autotransformer, which has been precalibrated in terms
of temperature, is also adjusted to the same setting.

Another important use is controlling the heat of
a soldering iron. With a Variac autotransformer, it is
possible to let the iron "idle” at low temperatures
when it is not in use. This is not only worthwhile as
an economy measure to minimize power consumption,
but it also eliminates frequent cleaning of the iron’s
tip by slowing down the rate of oxidation. When it is
necessary to use the iron again, the autotransformer
is turned up to line voltage, and since the iron is al-
ready warm, it heats to proper operating temperature
almost immediately. When additional heat is required,
the Variac autotransformer can be used to supply a
higher-than-normal voltage to the iron.

The Variac autotransformer and soldering iron
combination can also be used to fasten explosive
rivets. This type of rivet contains an explosive charge
in its shank and is used in aircraft fabrication. Here,
the autotransformer is used to adjust the heat neces-
sary to explode the rivet.



Figure 3.18 shows the circuit for a hot-wire
cutter. Here a Variac autotransformer is used to regu-
late the heat in a length of nichrome wire, that acts
as the cutter. The device is especially useful for
cutting foam-type plastics such as Styrofoam. The
small diameter of the wire permits intricate work to be
cut, which normally could not be done by sawing meth-
ods. A further refinement in the circuit is to include a
step-down transformer in the secondary of the auto-
transformer (similar to Figure 2.8, a).

SUPPORT
BRACKET
INSULATOR

15" #24 NICHROME WIRE
(APPROXIMATELY 800°F)

MODEL w2

?§ VﬁR‘lI'M'. £AMP
AUTOTRANS- L WORK TABLE
gz FORMER STo 30w
‘JINSULJ\TGR
TENSION
SUPPORT
BRACKET - ADJUSTMENT
Figure 3.18.

Circuit for a hot-wire cuiter.
Resistance of #24 Nichrome wire is
1.671 obms per foot.

3.7 MOTOR SPEED CONTROL.

The control of motor speeds with the Variac
autotransformer was mentioned briefly in the tabula-

tion of types of loads in Section 1.7. Split-phase, ca-
pacitor, and shaded-pole ac motors can be successfully
controlled only with fans and other loads where torque
is proportional to speed. With constant loads, only a
very limited speed range can be achieved.

Direct-current shunt- and compound-wound motors
lend themselves well to speed control with a Variac
autotransformer and rectifiers, when the field and arma-
ture windings are excited separately. Figure 2.25
shows the circuit that is used in the Variac Speed
Controls, available as complete, packaged units. The
field is excited at constant voltage, and the Variac
autotransformer supplies an adjustable voltage to the
armature. With this method of control, speed can be
adjusted from rated value down to zero,at constant

torque.

The same system can be used with universal
and series-wound motors if an additional transformer,
or a fixed tap on the Variac autotransformer, is pro-
vided to supply the low field voltage. As with the
shunt motor, the field must be separately excited. This
type of control enables shunt-motor operating charac-
teristics to be obtained from an inexpensive universal
motor.

General Radio Variac Speed Controls are avail-
able in ratings from 1/5 to 3/4 horsepower. Consult
the current General Radio Catalog for details.
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