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SECTION XV CHAPTER 1
TRANSFORMERS
INDUCTION COILS

The discovery of electro-magnetic induction was due to
Michael Faraday, in 1831. After finding that a voltage could
be induced in a closed circuit by moving a magnet in its vicinity,
he followed up this discovery by ascertaining that a current
whose strength is changing may induce a secondary voltage in
a closed circuit near it. If a coil of wire is placed parallel to
another coil, the variation of a current in one will bring about
the induction of an e m.f. in the other. This is called mutual
induction. Coils operating upon this principle are employed
for medical work, where they are called Faradic coils in honor of

Fi16. 674.—Induction coil with Leed’s multiple-
independent vibrator.

Faraday. Coils of larger size are designed to excite X-ray tubes
or for the transmission of radio signals, etc. The general ap-
pearance of a simple induction coil is shown in Fig. 674. The
circuits through the coil are given in Fig. 675. Here current
from a battery B is led through the primary winding, P, sur-
rounding an iron core, C, and the circuit, which is completed
through some form of interrupter, 1/, leads to the battery via the
switch S’ Surrounding the primary winding is the secondary
winding, S. When the circuit is completed the current rises in the
primary winding and the magnetic flux through the core ac-
companies its rise. This induces an e.m.f. in the secondary
winding. When the circuit is interrupted, the lines of force
1
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collapse on the secondary, cutting it in the reverse direction,
thereby inducing an e.m.f. in the reverse direction. The core
is generally constructed of a bundle of soft iron wires varying
from 14 to 114 inches in diameter and from 4 to 18 inches in
length. The core is laminated to prevent the circulation of
eddy currents for the same reason that the core of the armature
of a generator is laminated. The primary winding consists of
either two or four layers of wire varying in size from as small as
No. 18 in induction coils for telephone work to as large as No. 8
for coils producing a spark 12 to 15 inches in length. The
secondary winding usually consists of No. 36 wire. The amount

'
8 s
F16. 675.—Circuits through induction coil.

varies with the magnitude of the secondary e.m.f. desired. It
may be an ounce in a telephone coil or from 10 to 12 pounds in
a 12-inch coil. No. 36 is employed because it is the smallest
wire than can be handled without danger of breaking. Where
the coil is machine wound, No. 40 enameled wire may be safely
used. The interrupter may be similar to that employed in an
electric bell, the armature being of soft iron attracted by the core
when the circuit is closed. When it interrupts the circuit at
the screw point in its forward travel, the core loses its magnetism
as the current and flux collapse and a spring throws the armature
back, closing the circuit again. The rate of interruption is very
rapid. The induced e.m.f. depends upon the rate at which the
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lines of force about the coil can be made to collapse. It is of
the greatest importance that this rate of collapse shall be made
the very maximum possible. Efficiency in an induction coil does
not refer to the output compared with the input but to the abil-
ity to get a given length of spark with a minimum of material
and current input.

When the circuit is first completed the primary current rises
gradually from A to B as in Fig. 676. As the flux produced
thereby cuts the secondary winding there is induced therein a
wave of e.m.f. in the opposite
direction, A-F-C. As the time,
A-C, for the rise of current,
A-B, is considerable, the mag-
nitude of the induced e.m.f.
G-F is small. When the current
rising against the e.m.f. of self-
induction reaches its maximum
at B and is for a moment sta-
tionary, the induced e.m f. falls
from F to C. When the inter-
rupter breaks the circuit, the
current collapses from B to E,
and with it the flux. If com-
ditions are such as to insure a
very short interval of time from
C to E, during which the flux
collapses, the magnitude of the
induced em.f. in a positive
direction will soar to a great
height as from C to P, and
when the current finally reaches
zero at the point E the second-
ary e.m.f. collapses from P to
E with it.

It will be seen that while the current wave passes through

" a pulsation in one direction, as it is a unidirectional or undulating
current, it brings about the induction of an alternating e.m f.
Thus it is not necessary to supply an alternating current or
alternating flux in order to generate an alternating em.f. A
flux varying in magnitude from zero to a maximum of, say,

F16. 676.—Relation between pri-
mary current and seconddry e.m.fs.
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1,000,000 lines and back again to zero in a given time will induce
just as much e.m.f. as will a flux of 500,000 lines rising to a
maximum in one direction, falling to zero, rising to a maximum
in the reverse direction and falling to zero again in the same time.

The negative wave of e.m.f., A-F-C, is so feeble as to be of
little value in operations that require an induction coil. Hence
it is neglected or suppressed entirely. Every effort is made to
insure that the induced e.m.f. wave C-P-E shall be a maximum,
for this is the wave that produces the spark for which the coil
is designed. .

The greatest attention should be paid to the insulation of the
various portions of induction coils. Thus the core of iron
should first be insulated with a tube, and over this the primary
winding should be placed.
Outside of the primary there
should be a heavy tube of hard
rubber or bakelite. Over this
the secondary winding should
be mounted. If the coil is to
produce a spark several inches
long, the secondary windings
should be wound in sections
as in Fig. 677. Each section
should be from one-fourth to
one-half inch in length, par-
allel to the core with layers
of paper separating successive layers of wire. These sections
should be subjected to heat and vacuum treatment to exclude
every particle of moisture, after which they should be thor-
oughly impregnated with insulating compound. By having
the successive sections wound in opposite directions it is possible
to connect adjacent inside ends and outside ends together
alternately throughout the series. This avoids the necessity
of bringing the inside end of one section across the face between
two coils to the outside end of the next section, which would
involve a tendency to short-circuit between the inside and outside
convolutions via this connection.

The form of interrupter shown in Fig. 675 is not adapted for
large coils because the rate of interruption would vary with the
current employed. A preferable arrangement is the independent

F16. 677.—Arrangement of sections of
secondary winding of induction coil.
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form of interrupter shown in Fig. 678, which is connected in
multiple with the coil. Here current is led through the terminal
B and contact C via the wire L to the primary winding of the
induction coil and thence out by the terminal A. The magnitude
of this current can be adjusted at will by the screw N. In
multiple therewith, the circuit for the interrupter leads through

Fi6. 678.—Diagram of circuits for induction coil employing Leed's
multiple-independent vibrator.

the terminal B and contact C’, thence through the magnet M to
the negative terminal A. The adjustments for this interrupter
are made through the screw P which regulates the current therein,
while the rate of interruption is adjusted by the counter-weight
W, which may be raised or lowered. When the armature R is
vibrating rapidly, it carries with it in its forward travel a hook
which overhangs the point 7. After it has gained considerable
velocity it strikes 7 in its forward travel and carries it forward,
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sharply interrupting the circuit at the contact C. The rate of
interruption and the magnitude of the primary current handled
may be adjusted independently of each other.

An electrolytic interrupter devised by Dr. Wehnelt, possess-
ing remarkable properties, is shown in Fig. 679. This takes the
place of a mechanical interrupter and is connected in series
between the source of supply and the primary of the coil. It
consists of a jar containing a dilute sulphuric acid solution in
which is an electrode consisting of a platinum point P not much
larger than a pin head, which is
sealed into the lower end of a glass
tube through which an insulated
wire leads to the external circuit.
The positive side of the source con-
nects to the terminal A. Another
electrode B, which may consist sim-
ply of a lead plate, is placed in prox-
imity to the platinum point and
connects to the negative side of the
. circuit. When a current, either al-
Fic. ‘;;%:}'X::r‘;ﬁgtei’“m‘ terna.ting. or direct, is Qassed. through

the circuit in series with this device,
an interruption of the circuit takes place with a rapidity of from
200 to 1,700 times per second. As the induced voltage in the
coil depends upon the rate of interruption it is evident that this
device will produce remarkably efficient results with any coil.
The theory of operation is as follows:

When the current passes from the platinum point, the solution
is decomposed and a gas bubble forms upon the exposed point,
separating it from the solution and cutting off the current. The
gas bubble is no sooner formed than it bursts. The solution
surges in and the circuit is again completed. Decomposition
immediately follows, and the cycle is rapidly repeated with the
almost incredible rapidity above indicated.

A simple form of electrolytic interrupter is shown in Fig. 680
and can be constructed by drilling a hole in a glass tumbler
with a No. 60 drill. This is placed in a larger glass jar, and both
are filled with a dilute sulphuric acid solution. An electrode A
is inserted in the inner tumbler and an electrode B in the outer
tumbler. These electrodes may consist of lead or carbon. The

LARRAANRARRRARUARARAN
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circuit is then completed from the source of the coil through the
minute opening in the inner tumbler. The passing of the current
causes the solution to be decomposed at the point of contact be-
tween the two solutions within the hole. This will for a short time
satisfactorily handle 4 amperes on a 110-volt direct-current
circuit. Due to molecular bombardment the hole gradually
increases in size. When this happens the current increases in
amount and the rate of interruption decreases. Thus the appa-
ratus rapidly falls in efficiency. Furthermore, the solution
becomes heated, which still further lowers the efficiency. Many
forms of Wehnelt interrupter have been devised, some with very
elaborate methods for cooling but none having proven very
satisfactory in commercial use.

With a mechanical interrupter it is found that the secondary
voltage is materially increased if the make-and-break is bridged
with a condenser as at K, Fig. 675. B A
The condenser is supposed to delay
the rise of the current when the
circuit is first closed, and thus
suppresses the induced voltage at
“make.” Just how this is effected
is not very clear. When the con-
tact V is interrupted, however, the
two coatings of the condenser offer
considerable inducement for the
charges which tend to pile up on  Fic. 68V.—ounpie rorm of
these contacts, to flow into them electrolyticinterrupter.
where they will attract each other across the dielectric instead
of building up and jumping across the contact points at V in the
form of a spark. If allowed to jump the point of break, the spark
would be drawn out and the interruption of the current would
be gradual. When the condenser is used the charges surge into
the condenser and effectually prevent a spark, and the break is
made very sharp. This insures the induction of a maximum
em.f. In Fig. 678 the condenser K is adjustable and is varied
so as to reduce the spark at the contact C to a minimum. The
condenser K’ is small and cares only for the current in the inter-
rupter magnet.

It may be further stated that the advantage of the condenser
lies in its ability to neutralize the self-induction of the primary
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winding. It has already been noted in connection with the
discussion of alternating currents that, in a circuit possessing
inductance, the addition of capacity is desirable to neutralize
the inductance. When so added in proper amount the circuit
may be made to behave as though it possessed neither inductance
nor capacity. As the self-induction of the primary of the in-
duction coil is always present, the addition of a judicious amount
of capacity is very effective in neutralizing it and thereby greatly
enhancing the secondary spark.

SECTION XV ’ CHAPTER 1
TRANSFORMERS
INDUCTION COILS

1. Explain the principle of the induction coil. What is the name given
to this form of induction? Give a diagrammatical sketch of an induction
coil.

2. Show by curves the relation between the primary current and second-
ary voltage. Explain why these relations exist.

3. What is the object of using a condenser in connection with an in-
duction coil? Explain its action. Give sketch showing condenser prop-
erly connected.

4. Explain the principle and operation of the “Leeds” multiple-in-
pendent vibrator. Sketch. .

5. Explain the “Wehnelt” electroytic interrupter. Sketch.

6. Explain the construction of the Faradic medical induction coil. In
what various ways may the secondary e.m.f. be altered?

7. What is the principle upon which the mctallic sheath covering the
core of an induction coil operates? Of what material is this sheath
constructed? What is the effect upon the secondary e.m.f., if the sheath
is removed from the core? ]

8. What various factors govern the induced e.m.f. in the secondary
of an induction coil employing an ordinary make-and-break interrupter?



SECTION XV CHAPTER II
TRANSFORMERS
TRANSFORMERS-PRINCIPLES; TYPES

Following the classical experiments of Joseph Henry in 1832,
the first transformers were devised. The first practical trans-
former was patented in England in 1882 by Gaulard and Gibbs.
The American patent rights were purchased in 1886 by the
Westinghouse Company. The first transformers in this country
were built by William Stanley in 1885 while in the employ of the
Westinghouse Company.

The transformer is a refinement of the induction coil. Like
the induction coil, it has a primary and a secondary coil and an
iron core. In the induction coil no attention was paid to effi-
ciency as regards the output compared with the input. Length
of spark produced by the secondary winding was the only thing
that counted. In the transformer the greatest attention is given
to efficiency. Transformers of large size have efficiencies in the
vicinity of 999,—that is, they will deliver from one winding
upwards of 999, of the power absorbed by the other winding.
In the induction coil the magnetic circuit was only partly of iron
and the rest was of air. In the transformer, the magnetic cir-
cuit of the whole core is of iron of large cross-section, while the
copper coils are of low resistance. These things all contribute
to high efficiency.

In the induction coil an interrupter was necessary to vary
the flux in order to secure induction. As a transformer is
designed to receive alternating current no interrupter is neces-
sary. The transformer is employed simply to change alternat-
ing current of one voltage to alternating current of another
voltage. It cannot possibly convert alternating current into
direct current. In the induction coil the primary winding was
always next to the core and the secondary winding around it.
In the transformer these positions are often reversed because
either winding may serve equally well as primary or secondary.
The winding into which the original current is introduced is
called the primary. The one in which current is induced is
called the secondary. As these windings may be used inter-

9
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changeably a further distinction is necessary. The low voltage
winding is called the low tension (L. T.), while the high voltage
winding is designated the high tension (H. T.). The relative
number of convolutions in the two windings determines the ratio
of transformation. Thus if one winding contained 100 turns and
the other winding 200 turns, and 100 volts is impressed upon the

first winding, 200 volts will be induced in the second winding.
The ratio of transformation always refers to the voltage. The
ratio of currents in the two windings is always the inverse of the
ratio of the voltages.

While it is not practical to build alternators for more than
13,200 volts because of the expense of insulation, transformers
may be built for very much higher voltages. The economy of
high voltage in power transmission lines has already been pointed
out. It is therefore desirable to raise the voltage as high as
practical for long-distance transmission.

]

132,000
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F1G. 681.—Alternator connected to raising and lowering
transformers.

Assuming an alternator, A, in Fig. 681, to generate 13,200
volts, the current may be led into a raising transformer T,
having a ratio of one to ten, thus stepping the voltage up to
132,000 for the line. At the distant point the current may be
received on the high tension side of the reducing transformer 7',
having a ratio of ten to one, which will lower the pressure again
to 13,200. As the transmitting voltage is ten times the initial
voltage, the copper required on the line will be only 1/100 as
great as would be required had the voltage not been raised. It
is evident that, if the transmission line is of any great length,
the copper saved in the line will very soon more than offset
the cost of the raising and reducing transformers. As the
efficiency of these transformers will be high, the power wasted
in transformation will also be very small compared with tle
loss that would have been involved in the transmission line,
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even though a greater percentage of copper loss had been allowed
at the lower voltage.

The principle of the static transformer, so called because it
has no moving parts, may be understood from a consideration
of Fig. 682. Suppose an alternating e.m.f. of 100 volts is im-
pressed upon a coil A, containing 300 turns. This will set up
an alternating magnetic flux in the core C. This secondary flux,
while occupying the cross-section of the path C, must not be
considered as composed of magnetic lines having ends, which
start out from the top of the coil and pass through its circum-
ference, returning to the other end of the coil. They are mag-
netic rings or closed loops which originate around each convolu-
tion and expand like a stretched
rubber band in widening circles
until they not only cut all of the
adjacent convolutions of A but
extend across and cut all of the
convolutions of the coil B, before
they eventually occupy the cross-
section of the core C. As these
rings of force cut back and forth
with the rise and fall of the cur-
rent, they induce an electro-
motive-force in A and B. The induced e.m.f. in both of these
windings is in the opposite direction to the e.m.f. impressed
upon A. If the coil B is on open circuit, no effect is produced
on the magnetic flux by the e.m.f. generated in B, but this gen-
erated e.m.f. in ‘A, which is almost diametrically opposed to the
impressed, backs out all the current save the minimum amount
which is required to keep the flux oscillating. This is similar to
the action of a shunt motor where the revolving armature gener-
ates an opposing e.m.f. almost equal to the impressed, the
effective delivering just enough current to keep the armature
going. In the case of a transformer, however, the conductors
are stationary while the flux is kept oscillating.

The é.m.f. induced in the two windings is proportional to
the number of turns. Thus if A possesses 300 turns and has
impressed thereon 100 volts, and B possesses 150 turns, there
will be 50 volts generated therein.

The actual voltage generated in a transformer winding is

F1G. 682.—Principle of transformer.
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proportional to the product of the total flux, the number of
turns in the winding, the frequency of supply, and a constant.

Every convolution in each coil in a transformer is cut by
the flux four times in each cycle: first, while the flux is rising
in a given direction; second, while the flux is falling to zero;
third, while the flux is rising in a reverse direction; and fourth,
while the flux is falling to zero. Thus the average voltage which
is generated in each winding with a flux having the maximum
value of & will be: ‘

4onT

E (avg.) = T
E = average e.m.f.
& = maximum magnetic flux.
n = frequency in cycles per second.
T = number of turns in coil.
4 = constant.

108 = constant to reduce absolute lines of force to practical
volts.

If the wave of em.f. is a sine wave, the virtual voltage will
be 1.11 times the average. This constant, 1.11, is called the
form factor and varies with the shape of the alternator wave.
The virtual voltage will therefore be four times 1.11, and this is
the value which the voltmeter will register. As most alternators
furnish a sufficiently close approximation to a sine wave, the
constant 1.11 is sufficiently accurate for purposes of calculation.

The complete equation for the measured voltage generated
in either winding of a transformer is therefore:

441 Tn
108

where E is the virtual em.f. and all the other letters have the
same meaning as before.

If, now, a load such as an incandescent lamp is connected
upon B, Fig. 682, a current will flow under the voltage induced.
T is current will enable B to develop a magneto-motive-force
which, according to Lenz’s Law, is diametrically opposed to the
magneto-motive-force of the current in A. Thus, if at a particu-
lar moment the current in A is endeavoring to send flux in the
direction D, then at the same instant the magneto-motive-force
of B will tend to send a flux in the direction E. Now as the

E =
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source of power is impressed upon A, B never succeeds in pro-
ducing any flux. It simply produces a magneto-motive-force
which opposes more or less the magneto-motive-force of A.
Suppose at a given instant the tendency of A to produce a flux
in the direction D is sufficient to develop 1,000,000 lines. If
now, the current drawn from B develops a magneto-motive-force
in the direction E, which would, if permitted, produce 100,000
lines, the net effect is to reduce the flux from 1,000,000 to 900,000
lines. If the counter emf. in A induced by 1,000,000 lines
admits just enough current to keep the flux moving, then when
the reaction of B due to a current therein attempts to produce
a flux in the reverse direction, the total flux circulating is reduced
and with it the counter e.m.f. of A, which is dependent upon
this flux. As the impressed e.m.f. remains the same, the actual
current in the circuit A will increase because the effective e.m.f.
has increased. This additional current increases the magneto-
motive-force of A sufficiently to maintain the flux in the direc-
tion D and prevent the opposition in B from further reducing it.
Thus the demand for current in B is promptly met by an auto-
matic reduction of the counter e.m.f. of A, which takes in more
current from the source of supply in direct proportion to the
secondary load. If the load is disconnected from B, its opposing
magneto-motive-force disappears. The large current in A now
raises the flux, and thus a greater counter e.m.f. is generated in A.
This backs out the superfluous current, reducing the net intake
to the amount necessary to keep the flux oscillating. This
small amount is called the exciting current.

It will thus be seen that a transformer will absorb current in
its primary in direct proportion to the load on its secondary.
In fact, A, B and C correspond quite closely to a direct-connected
motor-generator set. A corresponds to a shunt motor, B to a
shunt generator, and C to the coupling. The motor and gener-
ator are mechanically coupled. A and B are inductively coupled.
If a load is placed upon the generator, the reaction of its arma-
ture will cause the speed of the motor to reduce, and with it the
counter em.f. The motor will thus take more current to main-
tain the output of the generator and thereby prevent a further
reduction in speed. In the case of the transformer a reduction
of flux takes the place of a reductionin speed. As the shunt
motor is practically constant in speed under variations in load,
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so the flux in the core of a transformer is practically constant
in value. The efficiency and regulation of a transformer,
however, are much superior to that of a shunt motor-generator
set. Hence the dlteration in flux is a much smaller per cent than
the corresponding variations in speed of a shunt motor.

As an illustration of the application of the fundamental for-
mula for the e.m.f. of a transformer, consider a transformer having
a capacity of 500 watts with a core of 3.125 square inches cross-
section and a flux density of 41,290 lines of force per square inch.
How many turns will be required on the low-tension winding for
110 volts with a frequency of 60 cycles? Transposing the
original formula the number of turns required will be:

18 E
444 Bsn

T = number of turns in coil.

E = virtual emf.

n = frequency in cycles per second.

B = flux density in magnetic lines per square inch.

T =

s = cross-section of core in square inches.
4.44 = constant.
10® = constant to reduces absolute magnetic lines to prac-
tical volts.

To find the number of turns it is evident that the flux must be
known or assumed. If a core of known cross-section is avail-
able, the flux density may be assumed and the product gives the
total flux. Small transformers are frequently built to operate
with the low flux density above mentioned. Others employ
80,000 to 90,000 lines. The lower densities, while reducing the
loss per cubic inch of iron and thereby improving the operating
efficiency, nevertheless involve a larger cost for iron in the first
place. .

Inserting the values above stated:

T = 10® X 110
4.44 X 41,290 X 3.125 X 60

for the 110-volt low-tension winding. If a higher density such
as 80,000 lines be employed, the number of turns required would
be reduced to approximately 165. The size of wire is ascertained
by allowing a certain number of circular mils per ampere. If an

= 320 turns
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allowance of 1,000 circular mils per ampere be made and the
transformer is designed for 5 amperes, then 5 X 1,000 = 5,000
c.m. which will correspond to No. 13 wire.

The high-tension winding for 1,100 volts will theoretically
equal 320 times 10 or 3,200 turns, and for one-tenth the current
this wire would have one-tenth the cross-section of the low
tension, which would be No. 23. Practically, however, if the
transformer is to be used for stepping down the voltage, the
number of turns on the high-tension side must be reduced to
allow for voltage losses in both high-tension and low-tension
windings and for leakage flux between the two. Thus, instead
of the 3,200 theoretical turns there might be 3,100 actual turns
employed. A ten to one ratio would now give 3,100 to 310 turns
the ratio necessary to reduce from 1,100 to 110 volts. But as
the low tension has 320 turns the voltage induced in the extra
10 turns would compensate for the leakage flux and ohmic drop
in the two windings at full load.

Therefore, if the design involved a reducing transformer for
lowering the voltage, a certain number of turns must be sub-
tracted from the high-tension or added to the low-tension wind-
ing to take care of the copper drop in both windings and the
magnetic leakage.

If, on the other hand, the transformer is to be used for raising
the voltage, the allowance must be made the other way, and a
certain number of turns must be added to the high tension or
subtracted from the low tension to give the proper voltage ratio.

Several points of similarity between the two windings of a
transformer should be noted. If in Fig. 682 the winding A con-
sists of 300 turns and a two to one ratio of voltages is desired,
then B must consist of about 150 turns. The ratio of the currents
will be the inverse of the ratio of the voltages. Thus, if the voltage
ratio is two to one, the current ratio will be one to two. Hence,
if A consists of No. 12 wire, then B must have twice the cross-
section and consist of No. 9. If A has a total resistance of 0.5
ohm, then B, consisting of half as many turns of twice the cross-
section, will possess one-fourth the resistance, or 0.125 ohm.
This assumes the length of a turn to be the same in both windings.

As B contains one-half as many convolutions of a wire of twice
the cross-section (neglecting extra insulation), it will occupy
the same space on the core as A.
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If A absorbs 10 amperes at 100 volts, its intake will be 1,000
watts. This will enable B to deliver 20 amperes at 50 volts,
or 1,000 watts. Thus, neglecting the losses, the capacity of the
two windings is the same.

Ten amperes circulating through 300 turns in A equals 3,000
ampere-turns; 20 amperes passing through 150 turns in B equals

F1G. 683.—Plan and sectional view of
shell-type transformer. Section shown is
on line a-a.

3,000 ampere-turns. Thus the ampere-turns of the two windings
are the same.

As to the losses, I*R = P. Thus 10?2 X 0.5 = 50 watts lost
in A. 20% X 0.125 = 50 watts lost in B. Thus the power lost
due to the resistance of the two windings is theoretically the
same. Practically this is not usually true, as the length of
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a mean turn is not the same in the primary and secondary
windings.
Transformer Types

There are two general types of construction for transformers,
the shell type and the core type. Fig. 683 represents the shell-
type construction. Here the high-tension and low-tension wind-
ings H and L are wound on forms of circular or oval shape and
the iron core built up of laminations interlaced through the center
and around both sides of the coils providing a path for the flux.
This is one of the earliest forms of commercial transformer, and
some of the very largest and highest voltage types in use today
follow the same general plan. In the larger sizes the iron core

Fi16. 684.—Improved form of shell-lype transformer, showing
provision for ventilation and interlacing of high-tension and low-
tension windings.

is more extensive, often taking the form shown in Fig. 684.
The advantage of this type is that a most excellent magnetic
circuit is provided, but the copper, being largely surrounded by
iron, must be thoroughly ventilated with ducts for the circula-
tion of oil or air in order to radiate the heat.

The other form of construction is the core-type transformer
illustrated in Fig. 685. Here a rectangular core is surrounded
by coils, the laminations of the core being built up within the
coils.

In all transformer cores the gaps due to the break in the
magnetic circuit between the separate sections of the lamina-
tions are staggered in successive layers so as to reduce to a
minimum the reluctance in the joint. In small sizes this type
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of transformer core is made rectangular in cross-section, but in
the larger sizes it is made in the form shown in Fig. 686. This

- -

—_—

=

| *"uﬁl i’

. v'l|l

»-.vl:';!"r
|

F1G. 685.—General plan of core-type
transformer.

provides ventilating ducts at A
and B within the circular wind-
ing through which currents of
air or oil may circulate so that -
heat may be radiated from
within as well as from without
the winding.

While in the shell type the
copper was largely surrounded
by iron, in the core type the
iron is largely surrounded by
copper. As the winding is thus
exposed, the ventilation is su-
perior in this core type to some
shell types.

The high-tension and low-tension windings are not placed
upon separate legs as shown in Fig. 682, but are equally dis-
tributed on both legs for the reason that, when currents are

drawn from B, its magneto-motive-
force reacts upon the magnetic flux
tending to divert it in the direction
of the dotted line F-G, which would
constitute a path of leakage flux
between the two windings. Now
the voltage of B depends upon the
flux which passes through it and,
to whatever extent the flux of A
is diverted from B, to that extent
the voltage of B falls. From the
standpointof good regulation, there-
fore, it is highly important that
all of the magnetic flux from A shall
pass through B. By subdividing
the high-tension and low-tension
windings into two or more sections
and placing half of each on each
leg, whatever leakage flux takes
place must pass between the in

F16. 686.—Plan and sectional
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and outer sections of the windings on each leg. This insures
that the leakage will be reduced to a minimum.

The arrangement is shown in Fig. 686. The low-tension
winding is generally placed nearest to the core and the high-
tension winding on the outside, the idea being to keep the high-

Fi1:G. 687. FiG. 688.

tension winding as far away as possible from the iron and thereby
reduce the danger of grounding. Fig. 686 gives a good idea in
plan and elevation of the core-type transformer.

Since the first few turns of the high-tension winding of a
transformer are affected to a considerable extent by any high
frequency line disturbances, it is the custom to increase the
amount of insulation on the first few end turns or to insert a
small reactance coil in series with each high voltage lead. These

COPPER.
COFPER
A
F1G. 689. F1G. 690.

reactance coils are external to the main structure of the trans-
former but mounted inside of the case.
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The difference between these two types may be seen by con-
sidering Figs. 687 to 690. Consider a ring of iron in Fig. 687
with two copper rings, one representing the primary and the
other the secondary, linked therein. If these two coils are
swung apart on the iron core, the result will be a core-type
transformer as shown in Fig. 688; if, on the other hand, the iron

ring of 687 is replaced by a cop-
per ring, 689, and the two cop-
per rings of 687 are replaced by
two rings of iron, 689, then if
these iron loops are swung apart
the result will be as shown in
Fig. 690, and the copper wind-
ing is largely surrounded by
iron, whereas the iron link in
Fig. 688 was largely surrounded
by copper.
Fig. 688 is the plan of a core
type of transformer, while Pig.
690 represents the shell type.
Each has certain advantages
and also certain defects. A
very satisfactory compromise
between the two has been wide-
ly adopted for transformers of
moderate size. This is known
as the cruciform core type and
St a o e Ao s pictured in Fig. 692. Here
transformer, manufactured by The the winding is concentrated
General Electric Company. .
upon a central limb, and the
magnetic circuit divides through four paths in multiple. There
is rather more iron than in the core type, while somewhat less
than in the shell type. The ventilation is not quite so good as in
the core type but better than in the shell type. The interlocking
of the laminations on the top and bottom of the core is shown in
the top view of this type, Fig. 693.

Small bell-ringing transformers taking current from house-
lighting circuits at 110 volts and transforming to 6 volts for
operation of door bells are generally constructed of the shell
type after the plan shown in Fig. 683. For operating small elec-
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tric toys these transformers are often provided with taps from
the secondary winding so that 6, 12 or 18 volts may be obtained.
The very largest transformers are often built of the shell type
with ample provision for ventilating ducts both through the
laminations and between sections of the windings as shown in
Fig. 694. Only thus can the
large amount of heat gener-
ated therein be successfully
radiated.
Fic. 691 represents the out-
side appearance of a core-type
single-phase transformer de-
signed for mounting on poles,
and manufactured in sizes
from 25 to 50k.v.a. capacity
by the General Electric Co.
Transformers are usually
mounted in cast or sheet iron
cases. These cases may or
may not be filled with oil.
Most transformers have their
cases filled with a high grade
of mineraloil. Itsadvantages
are as follows:
First, it reduces the temper-
ature. The oil next to the
windings is heated and rises to
the top of the transformer, FIG. 692.—General appearance of
where it is replaced by the modified core-type transformer, using -
cooler oil from against the the _cmc'form core.
outer case which descends to the bottom and replaces the heated
oil around the windings. A natural thermo-circulation is thus
set up which rapidly carries off the heat generated and distrib-
utes it over the surface of the case from which it is radiated.
Second, oil preserves the insulation against oxidation. At high
temperatures the cotton insulation of the wire tends to carbonize.
The presence of oil and the lowered temperature which it brings
about lessen this tendency. Third, it increases the insulation
resistance. The dielectric strength of oil is several times that of
cotton. There is less tendency for insulation to break down when
it is thoroughly saturated with a good oil.



22 Theoretical and Practical Electrical Engineering

Fourth, it reinsulates punctures. If a discharge takes place
between convolutions of separate sections due to a high voltage
surge, a charred path may be left through a solid insulation over
which another discharge may readily follow. Where oil is pres-
ent it immediately flows in and reinsulates the puncture, after

which its resistance to break-
down is practically as good as
at first.

Too much attention cannot be
paid to the selection and care of
the oil employed in transformers.
Mineral oil has generally been
found satisfactory. It has been
almost universally adopted as the

proper oil for transformers. In

FiG. 693.—Sectional view of
‘“cruciform’’ core-type trans-
former, showing method of
uniting the magnetic circuits
and relative positions of high-
tension and low-tension wind-
ings.

the selection of the grade to be
used, the main points to be con-
sidered are dielectric strength,
flashing point, viscosity and
sludging. Of these the dielectric
strength pertains to the insu-
lating properties, the flashing
point to the safety in operating
from the standpoint of fire, vis-
cosity and sludging to the fluidity
which will influence it as a circu-
lating and cooling medium and
the residue which may accumu-
late due to carbonizing.

In order to have a high die-

lectric strength oil must be free

Fic. 694.—Air blast type of
transformer, showing ventilating
ducts for circulation of air.

from water, sediment, sulphur, acids and other impurities. As
rubber contains sulphur for its vulcanization, it should never be
used for insulating any part of a transformer where it comes in
contact with oil. The principal impurity found in transformer
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oil is water. The old adage that “oil and water will not mix"
does not seem to apply-in the case of transformer oil, for the
presence of 1 part of water in 2,500 parts of oil will result in a
reduction of the dielectric strength of the oil to about one-half
that of its pure state. Notwithstanding the greatest precautions,
more or less moisture gets into transformer oil, and elaborate
methods are used to eliminate it and thus prevent the breaking
down of the insulation of the windings.

In 1920 transformers had been successfully designed and con-
structed for a maximum potential of 220,000 volts with oil insu-
lation. As to size, the largest transformers in service (1921) are

Fic. 695.—Oil-insulated, water-cooled transformer, showing system
for circulation of cooling water.

those of 25,000 K.V.A. rated capacity in the plant of the Detroit
Edison Company, which, while designed for this rated capacity,
have an effective output of 50,000 K.V.A. They have a voltage
ratio of 24,000 to 1,200.

The problem of radiating the heat generated in the windings
of a transformer is serious. Notwithstanding the high efficiency
there is considerable energy transformed into heat which must
be radiated to prevent an injurious rise in temperature.
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Cooling of Transformers

Transformers may be cooled in several ways:

First: By natural radiation of the heat from the coils through
the air in the transformer case without oil. Many of the early
transformers were so constructed, especially in small sizes. They
were kept tizhtly closed so as to exclude moisture, and when the
energy to be radiated was small they gave fair satisfaction.

Second: Transformers may be cooled by natural circulation
of the oil with which the case is filled, as previously outlined.

Third: Transformers may be cooled by means of an air blast
through the case which contains no oil. This construction is
illustrated in Fig. 691, where air is forced under pressure through
an opening in the floor up through the transformer and out at a
vent in the top. Where this forced draft is employed a much
greater output for a given amount of iron and copper is possible
than where oil is employed. The transformer, however, is
somewhat more bulky for its output, and the system is not
entirely satisfactory. The first Niagara Station, the Detroit
Edison Station, and many others used transformers of this
type some years ago. But several disadvantages were encoun-
tered. Although the air was cleaned before its introduction
into the transformer, a certain amount of dirt inevitably adhered
to the walls of the air ducts. This facilitated break-down and
tended to sustain a flame should a short circuit occur. More-
over, if an arc started, the air draft fanned it and increased the
tendency to destroy the insulation. If the blowers stopped, the
temperature of the winding rose rapidly. Air-blast trans-
formers have not generally proven satisfactory at potentials
above 35,000 volts. .

Fourth: Transformers may be cooled by circulating water
through a system of pipe coils placed in the top of the traus-
former case, the case itself being filled with oil, Fig. 695. The
water, after absorbing the heat from the oil, is forced by a cen-
trifugal pump to a cooling tank where it dissipates the heat,
after which it is again pumped through the pipe system.

Fifth: Occasionally the oil is pumped off from the top of the
tank, circulated through a system of radiators to cool, and re-
turned to the bottom of the case. The disadvantage of this
method is the danger of a break in the system causing the loss
of oil and the admission of moisture, which would endanger the

operation of the transformer.
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Sixth: In a number of instances an automatic circulation of the
oil externally has been satisfactorily obtained by connecting to
the case a series of pipes extending vertically from the top

Fi16. 696.—General Electric radiator type of transformer,
showing provision for thermo circulation of oil through radiators
attached directly to transformer.
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to the bottom of the transformers. The heated oil passes out at
the top, down through the pipes, losing its heat en route and
returning to the case at the bottom. Fig. 696 shows a large
General Electric transformer of this kind. This is the so-called
‘“radiator’’ type.

A phenomenon known as “ageing” or “metallic fatigue” of iron
and steel has given a great deal of trouble in connection with
the operation of transformers. It had been observed that the
core losses in a new transformer, while quite small to begin with,
would steadily increase for the first ninety days of its use, during
which time the losses might rise to double the original value.
Investigation of the subject brought out the following facts:
(1) There is unquestionably an increase in loss notwithstanding
every precaution in design. (2) A great difference exists in the
amount of ageing taking place in different qualities of iron and
steel when maintained at the same temperature. (3) This in-
crease in the loss in a given body of iron is dependent upon the
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Fi6. 697. —High-tension Fi16. 698. —High-tension
windings in series, low-tension windings in series, low-tension
windings in parallel. windings in series.

temperature at which it is maintained. (4) Within ordinary
limits of temperature, the tendency to ageing increases with the
temperature. (5) Soft sheet steel is much less subject to ageing
than soft sheet iron. (6) Sheet steel does not age materially
at temperatures under 75° C., but almost any iron or steel
will age more or less at higher temperatures. While many of the
laws governing ‘ageing have been determined, the real cause has
not been discovered.
Arrangement of Coils

The high-tension and low-tension windings of transformers
are generally divided into at least two se
sections of either winding may be connect
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allel. This gives at least two fundamental voltage adaptations
on either side of the transformer. In Fig. 697 the two high-
tension sections are shown connected in series and adapted for,
say, 2,200 volts. The two low-tension windings are designed for
110 volts each and-are connected in parallel. The leads from the
high-tension windings terminate upon a connection board of
porcelain in the top of the transformer inside the case and
generally come out at the back of the transformer case. The
cover must be removed to change the high-tension connections.
The terminals of the low-tension windings generally protrude
through the front of the case and are arranged so that they may
easily be connected in series or in parallel. If, instead of con-
necting A and B together, which are corresponding ends of the
two low-tension sections, and C and D together, which are the
other corresponding ends, so that the sections are in parallel,
B and C are connected together as in Fig. 698, and A and D lead
direct to line, then the two low-tension sections are thrown in
series and will deliver 220 volts. The separate sections of the
high-tension winding or .the low-tension winding may be con-
nected either in series or in parallel without respect to the way
in which the other winding is connected.

Early central stations employed a large number of small
transformers, each of small capacity supplying an individual
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F1G. 699.—High-tension network with small-size individual trans-
former for each customer.

house or store. As a transformer of 500 watts may have a full
load efficiency of not over 909, and as many houses do not use
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current during the day, the early stations were heavily loaded
due to the core losses of a large number of very inefficient small
transformers. This arrangement is shown in Fig. 699, where a
high-tension distributing network, represented by a single wire

H.T, HT,
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:

F16. 700.—One large transformer and low-tension network supplies
all customers in block.

marked H-T, exténds around all sides of a city block and from
which taps are taken to small transformers at each house, the
- voltage being stepped down before entering the house. Of course
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" FiG. 701.—High-tension network and low-tension network inter-
connected through a few large-size transformers.

.

the circuits are all two-wire circuits, the single-wire diagram
being used for simplicity. It was soon discovered that one large
transformer could be located in the center of a block, as shown in
Fig. 700, with a high-tension supply, and from the transformer a
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low-tension network could be taken which would supply all of
the houses in that vicinity. If this transformer has a capacity of
20,000 watts, its half-load efficiency could readily be 97%,. The
larger transformers proved such an economy that the small
transformers were soon abandoned, and the saving effected in a
comparatively short time defrayed the expense of the new trans-
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F1G. 702.—Illustrating how a ground be-
tween high-tension and low-tension windings
of transformers may admit high voltage to
low voltage circuit.

formers. The custom at present is to have the area to be sup-
plied covered with a high-tension alternating-current network,
stepp=d down through a few lowering transformers to the working
potential of 220 volts. The low-tension network covers the
same area as before and is fed from the transformers connected

Fi16. 703.—Showing how grounding of low-
tension winding effectually protects low-
tension system from high voltage.

in parallel both on the high-tension and low-tension sides, s
shown in Fig. 701.

Should the insulation between the two windings of a trans-
former break down as at C, Fig. 702, and a person touch one wire
of a low-tension system as at A, while standing on the ground,
and the high-tension side of the transformer supplying this
circuit be grounded as at B, then the entire potential difference

.
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of 2,200 volts between the wire D and the ground point G would
be impressed upon the person at H, in contact with the point A.
Many persons were accidentally killed in this way with high-
tension currents before proper precautions were taken, although
the person came in contact with the low-tension side only.
To guard against this contingency, the middle point of the low-
tension winding is grounded as in Fig. 703. This insures that
the maximum potential between a person who is connected to
the ground and either one of the wires A or K will never be
greater than one-half of the low-tension voltage. Now, even
though the two windings be connected together at the point C by
lighting discharge or otherwise, the fall in potential through the
section of the winding L from the high-tension side will never be
greater than the inductive drop therein, so that a person touching
the wire A and connected to the ground will always be protected
by this by-path or inductive shunt through L.

SECTION XV CHAPTER 11
TRANSFORMERS
PRINCIPLES. TYPES

1. Explain the construction and principle of operation involved in a
static transformer. Sketch.

2. What is the “ratio of transformation” in a static transformer? What
governs this ratio? What are the relative sizes of wire on primary and
secondary? What are the relative number of convulation of wire on
primary and secondary?

3. Explain why the current taken by the primary of a transformer is
proportional to the current furnished by the secondary.

4. A transformer has 2,000 turns in its high tension winding and is
connected to a 2,200 volt, 60cycle, A. C. line. How many turns must
the low tension have to deliver 220 volts and what will be the frequency
of the secondary current, neglecting losses?

5. A transformer has 6,480 turns in its high tension and 108 turns
in its low tension winding. It is connected on the high tension side to
a 6,600 volt line and absorbs 20 amperes. What will be the voltage and
current delivered by the low tension, neglecting losses?

6. A transformer has 3,240 turns in its high tension and 216 turns
in its low tension winding. It is connected on the low tension side to
a 110-volt line and absorbs 106 amperes. What will be the voltage, current,
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and power delivered by high tension, and power absorbed on the low
tension side, neglecting losses? Power factor unity.

7. Give the fundamental transformer formula for the virtual voltage
generated in a coil when a flux varies through it. Tabulate the meaning
of each letter used.

8. What three losses occur in a transformer? How may each be
minimized? What is the relation between the primary loss and the
secondary loss?

9. Explain the relative advantages and disadvantages of the “shell”
and “core” type transformers. Sketch each type.

10. Explain the construction and advantages of the “cruciform core”
type of transfermer.

11. What four advantages are obtained from filling transformer cases
with oil?

‘12. What five methods are employed for cooling transformers? What
methods are most commonly employed?

13. In distributing power in cities, which plan is considered preferable:
a large number of small transformers with short secondary mains, or
a few large transformers with long secondary mains? Why?

14. Into how many sections are the primary and secondary windings
of commercial transformers divided? What advantages are obtained by
this subdivision? State the various combinations of emm.f. and current
that may be obtained.

15. What are the advantages of grounding the secondary winding of a
transformer? Where should it be grounded? Sketch.



SECTION XV CHAPTER III

TRANSFORMERS
TRANSFORMER VECTOR DIAGRAMS

A vector diagram gives a clear picture of the performance
of a transformer under various conditions of load.

The elementary relations between voltages, flux and current
in an ideal transformer without load will first be considered.

By an ideal transformer is meant

 ad one which has no resistance in its

windings and no losses in its core.

Fig. 704 represents the various
forces in such a transformer.

This vector is based upon two
fundamental facts:

First: The magnetic flux is al-
ways in phase with the current
which produces it. Thus, if a direct
- current is admitted to a magnetiz-
(X ing coil surrounding a soft iron
core, the magnetic flux starts from
zero with the current. When the
current rises to full strength the
magnetic flux accompanies it to a
maximum value. If the current is
lowered to zero, the magnetic flux
also falls to zero. If the current is
reversed and raised to full strength

 Es
FiGc. 704.—Reclation between

primary current, magnetic flux,
impressed voltage and induced
voltage in an ideal transformer.

in an oppesite direction, the mag-
netic flux accompanies it in reversed
order.

Therefore, if the line O-R
represents a current in a coil, the line O-N in the same direc-
tion may represent the flux produced by that current.

Second: Every induced e.m.f. lags 90° behind the flux which,
in its variations, induces it. Thus there will be induced in any
winding upon an iron core, an e.m.f., O-Es, which will lag 90°
in phase behind the flux O-N. This is because with an alternat-
ing current and flux the point of maximum induced e.m.f. will
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coincide with the point of zero flux, for the flux
is then varying most rapidly, while the point of
zero induced e.m.f. will coincide with that of
maximum flux, for the flux is then varying most
slowly. ' )

The applied e.m.f. will be in the direction O-Ep,
behind which the magnetizing current will lag
90°. This will be evident from a consideration of
Fig. 705, which represents the relations between
the current, counter e.m.f. and impressed e.m.f.
in the primary of a commercial transformer wind-
ing without secondary load. Here it will be ob-
served that the induced or counter e.m.f., C-B, is
practically in direct opposition to the impressed
em.f., A-C, the slight discrepancy being due to
A-B, which is a measure of the e.m.f. necessary
to overcome the actual losses of such a trans-
former. As Fig. 704 pictures an ideal transformer
having no losses, the line O-Ep, showing the
impressed e.m.f., will be squarely at right angles
to O-R, for the current will lag 90° behind the
applied e.m.f. under such conditions.

The relative magnitude and direction of four
forces are thus shown in Fig. 704.

First: O-Ep; the e.m.f. applied to the primary.

Second: O-R; the magnetizing cur- both 90°

rent producing .
Third: O-N; the magnetic flux in ge};nd
phase with it P

Fourth: O-Es; the e.m.f. induced in either pri-
mary or secondary or both, due to the variation
of the flux O-N.

Next consider the effect of placing a non-
inductive load upon the transformer under con-
sideration, Fig. 706. The voltage induced in the
secondary S is shown in Fig. 707 as O-Es, while
the magnetizing current O-M and the magnetic
flux O-N are the same as before. The secondary
load will take a curr:nt O-Is, and as the load is
non-inductive it will be in phase with the second-

33

IMPRESSED E.MF.

COUNTER E.M.F. AT NO LOAD

__§é‘ PRACTICALLY

A B
CURRENT

Fic. 70s.




34 Theoretical and Practical Electrical Engineering

ary voltage O-Es. To supply this secondary current the pri-
mary must take in a current O-A, 180° out of phase with
the secondary current Is, that it may offset the tendency of the
secondary current to reduce the flux in the core. This brings it
in phase with the applied voltage as the secondary current is in
phase with the induced voltage. The actual current flowing in
the primary will now be the vector sum of the magnetizing com-
ponent O-M, which is wattless, and the load component O-A,
which is of real energy value. The sum of these two components
is obviously the line O-B, which represents the total primary
current. O-B does not deviate from the primary voltage O-Ep
in practice nearly so much as the diagram would indicate, but
the angle is here exaggerated for the purpose of emphasizing
the magnetizing current O-M.
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F16. 706.—Illustrating leakaggﬂﬁ)ux which brings about inductive
p.

Next consider the application of an inductive load to the
secondary of the transformer in place of a non-inductive load.
The vector diagram will now take the form of Fig. 708. Here
O-M and O-N represent magnetizing current and flux as before.
O-Es represents the secondary voltage as before, lagging 90°
behind the flux. O-Is represents the secondary load current
lagging behind the secondary voltage by the angle . To supply
this secondary load the primary must take a load component of
current O-A, diametrically opposed to the secondary current.
As the magnetizing current is still O-M, the vector sum of
these two components gives the total primary current O-B.

~
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The angle of lag between the load component of the primary
current and the applied voltage is &', which is the same as the
secondary angle of lag ®. The primary angle of lag, as far as the
total current is concerned, however, is increased to &'/, this

increase being due to the distorting
effect of the magnetizing current.
Again, in practice this apparent dis-
crepancy between &’ and &'’ is not
nearly so great as pictured.

The complete vector for a commer-
cial transformer, in which all of the
losses in the core and windings are
taken into account, is shown in Fig.
709. While it is not possible to
actually make such a vector from ob-
served data, nevertheless the relations
of the various forces encountered in
actual practice are very clearly shown
by such a diagram.

This vector represents an inductive
load upon a transformer, and O-N
represents the flux, which links both
windings. Referring to Fig. 706, it
will be observed that when a trans-
former is loaded the flux is broken up
into three parts: First, that portion C,
which links both windings; second,
the reaction of the load current in the
secondary winding diverts a portion
of the primary flux K, so that it leaks
across between the two windings and
embraces the primary winding only;
third, the counter magneto-motive-
force of the secondary also tends to

Ep
A _____ B
r
|
I
|
Ip |
o |
|
|
|
4l ———
(o] ™M N
YEs
A

F1G. 707.—Relation exist-
ing between magnetic flux,
total primary current, sec-
ondary current, primary
impressed voltage and sec-
ondary induced voltage in
an ideal transformer with a
non-inductive load.

It will be remembered
secondary windings are
sictured, but portions of
5 there is always some
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The current required to oscillate the flux, which has been
previously called the magnetizing current, must now be increased
by an amount necessary to supply the eddy current and hysteresis
losses in the iron. The total amount required for this purpose is
represented in Fig. 709 by the line O-P and is called the ‘‘excitin3

current.” This eventually be-
& comes the exciting component
of the total primary current.
Now this exciting current is
resolved into two components:
O-M, the magnetizing com-
ponent, which is wattless, and
therefore 90° away from the
induced e.m.f. and in phase
with the flux, and the energy
component M-P, which is in
phase with the induced e.m.f.
in primary and secondary and
is therefore of energy value.
It is this component which
supplies the core losses. The
secondary current lags behind
the e.m.f. delivered by the sec-
ondary O-T by the angle .
The e.m.f. delivered by the
secondary O-T is less than the
em.f. generated in the sec-
ondary O-Es by the ohmic

1 and inductive drop Es-T in
Fi. 708.—Relation existing be- the secondary. Now as the

tween magnetic flux, total primary ohmic drop in the secondary
current, secondary current, primary . f real lue it will
impressed voltage and secondary in- 1S Ol real energy value it wi

duced voltage in an ideal transformer be in phase with the secondary
with an inductive load. current as shown. Thus Es-A
must be drawn parallel with O-Is, while the inductive drop A-T
must be 90° from the ohmic drop and current. The ohmic
drop in the secondary winding is due to its resistance. The
inductive drop is due to the leakage flux L in Fig. 706, which
links the secondary winding only. Thus in Fig. 710 the second-
ary emf. O-Es is reduced by the impedance drop in the
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secondary, amounting to Es-T, which gives a net delivered

emf. O-T.
P
\
\
\
\
\>F
e
Ve
L
(o}
Fic. 711.—II-

lustrating how the
impressed e.m.f. is
reduced by the
impedance drop to
a certain value of
counter e.m.f.

The primary will take a current sufficient to
supply the secondary load and the exciting cur-
rent. The load component of the primary will
be O-A, which is diametrically opposite to the
secondary current, O-Is. The exciting com-
ponent is O-P. The total primary current will
be the vector sum of the 0-A and O-P, which
is O-B. The primary voltage which must be
applied is O-Ep. When the transformer is
loaded, this is resolved into three parts; first. the
inductive drop Ep-E. This
drop is due to the leakage
flux K, Fig. 706, which links
the primary winding only.
Added to this, and displaced
90° in phase therefrom, is the
ohmic drop due to the resist-
ance of the primary E-L. As
in the case of the secondary,
the primary’s ohmic drop will
be in phase with the total
primary current O-B. Thus
the direction of the line E-L
is established; it is parallel to
O-B. Perpendicular to this
line, the inductive drop line
Ep-E must be constructed.
The remainder of the applied
primary voltage represents
the counter e.m.f.and is shown
by the line L-O, perpendicular
to the flux O-N. The primary /
angle of lag is evidently &, Es
which represents the phase Fic. 710—1l-
relation of the total primary lustrating how

X generated second-
current and the e.m.f. applied ary em.f. is re-
to the primary winding. duced by the im-

h _ . cdance d t
In Fig. 705, representing the ghedelivere‘éogm.g
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conditions in the primary of an unloaded transformer, the coun-
ter em.f. was virtually equal to the impressed e.m.f., but as
soon as the load is applied the primary e.m.f. O-Ep, Fig. 711,
is broken up into an impedance drop Ep-L, consisting of the
inductive drop Ep-E and an ohmic drop E-L, and the re-
mainder L-O represents counter e.m.f. which is therefore effective
in transferring energy to the secondary.

The counter e.m.f. in the primary O-L, and the delivered e.m.f.
by the secondary O-T, are caused by the flux C only, Fig. 706,
which links both primary and secondary windings.

SECTION XV CHAPTER III
TRANSFORMERS
TRANSFORMER VECTOR DIAGRAMS

1. Show by vector diagram the phase relation between the magnetizing
current, the magnetic flux, the voltage impressed on the primary and the
voltage induced in both the primary and secondary of an ideal transformer.

2. (a) What is the phase relation between the current in the primary
and the current in the secondary of a transformer?

(b) What is the phase relation between the e.m.f. impressed on the
primary and the e.m.f. induced in the secondary?

(¢) What is the phase relation between the e.m.f. induced in the
primary and the e.m.f. induced in secondary?

3. Sketch an em.f. triangle for a transformer showing the phase
relation between the current, counter-e.m.f. and impressed em.f. Explain
why this phase relation exists.

4. Sketch a vector diagram for an ideal transformer with a non-induc-
tive load.

5. Sketch a vector diagram for an ideal transformer with an inductive
load. .



SECTION XV CHAPTER IV
TRANSFORMERS

THE ACTUAL CONSTRUCTION OF A TRANSFORMER
VECTOR DIAGRAM

In practice it is not possible to separate the impedances of the
primary and secondary windings as pictured in Fig. 709, nor to
represent the currents and voltages in the two windings to the
same scale. The dorrect way to picture the facts is to draw the
various vectors as though the transformer had a one-to-one
ratio. At the same time the resistance of the two windings,
and their reactances and total impedances, are reduced to the
equivalent of one winding, which enables the actual results to be
clearly represented.

A complete vector will now be constructed for a one K.V.A.
60-cycle transformer having a 2,200 to 220 voltage ratio. Lay

F1G6. 713.—Transformer connected to inductive
load.

off the horizontal line M-N, Fig. 712, and erect at O, perpendicu-
lar thereto, the line O-F, to scale, representing the primary
volts applied, Ep. As this must be expressed in terms of low-
tension voltage to give the equivalent of a one-to-one ratio, the
line O-F will equal Ep divided by 10.

Next construct the line O-G, diametrically opposite to O-F,
representing the secondary voltage generated at no load. As
this is to full scale this line will be of the same length as that
representing the primary applied voltage.

The transformer may now be loaded with an inductive load L,
Fig. 713, involving an angle of lag of, say, 30°. Let this load be
sufficient to call for a primary intake of 0.6 ampere as shown.
0-A may now be constructed with an angle of 30°, ¢, behind the
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applied primary voltage O-F, and for the time being 0-A will be
of indefinite length, for it simply represents the direction of the
load component of the primary current, and this will be later
increased by the exciting current. ‘
The exciting current should now be measured by putting an
ammeter in series with the high-tension winding and connecting
it to the 2,200-volt source of supply with the secondary on open

0.025 |

FiG. 714.—Connections for measuring exciting
current.

circuit as shown in Fig. 714. Let this current be 0.025 ampere.
This must be reduced to low-tension terms by multiplying by 10,
which gives 0.25 ampere. This current could have been meas-
ured just as readily on the low-tension side, for the exciting
current can be furnished through either winding. .

The core loss should next be measured by cofinecting a watt-
meter on the low-tension side and supplying the loss from a
220-volt source with the high-tension side open as shown in

——

\
\

. -F?
4+—30-R
L AAAAAAAAAL 4
\ YYVVVWWY,

’
\‘~”f

AAAAAAAAAAAAA

lVVVVVV'VV'V'

F16. 715.—Connections for measuring core loss.

Fig. 715. This was found to be 30 watts. This loss, divided by
the applied voltage, will give the energy component of the
exciting current; thus, 2—) =]= 232—% = 0.136 ampere. The current
triangle for the excitation of the transformer is shown in Fig.
716. Here O-B represents the total exciting current and C-B is
the energy component thereof: Obviously O-C the wattless or
magnetizing component will be:

YOB*=CB? = Mi = v70.25* — 0.136* = 0.2 ampere.
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Having the three sides of this triangle in low-tension terms,
it should now be constructed as O-C-B, in Fig. 711. B-D may
now be drawn indefinitely long and parallel to O-A. If the
intake for the primary of the transformer is to be limited to 0.6
ampere, then this drawn to low-tension scale by multiplying
by 10 will give O-D, 6 units
long. The parallelogram for
the primary may then be com-
pleted, O-B-D-A. 1t is thus
evident that O-B will repre-
sent the exciting component
and O-A the load component
of the primary current, while
O-D represents the total pri-
mary current. The vector for
the secondary current O-E may now be laid off equal in length
and diametrically opposite 0-A. If O-D in low-tension terms
represented a total primary intake of 6 amperes, then O-A, the
load component, will represent approximately 5.8 amperes. O-E
should therefore be made 5.8 units long.

Next, the resistance of the primary and secondary windings
should be measured separately and combined in terms of the low-

o
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F16. 717.—Measurement of resistance of trans-

. former windings.
tension winding. Connect the low-tension winding on a D. C.
source of supply with a voltmeter across the terminals and
an ammeter and a rheostat in series with the source, Fig. 717.
The high-tension winding should be short circuited to prevent
the inductive kick from injuring the voltmeter if the low-tension
circuit is suddenly opened.

With a current of 5 amperes the fall in potential was found

to be 3.65 volts. The resistance of this winding is therefore:

= R = 3—56—5 = 0.729 ohm.
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The resistance of the high-tension winding should be measured
in a similar way, the low-tension winding being meanwhile short
circuited. The readings obtained were 40.75 volts drop with a
current of 0.5 ampere. As

E 40.75

T-R=%s5

Now the resistance of the two windings varies directly as

the square of the ratio of turns. Thus to reduce the resistance
of the high-tension to low-tension terms:

Res. H.T.

Sq. of ratio turns

81.5

100

= 81.5 ohms.

= H.T. resistance in terms of low tension.

]

0.815 ohm.

The resistance of the high-tension and low-tension windings
are in effect in series, for if these windings had a one-to-one ratio

T oesR i
— 0.729 R {

F16. 718.—Resistance of high-tension and low-tension windings are
virtually in series.

the effect upon the load, as far as resistance was concerned,
would be as though a winding having the equivalent of 0.815
ohm, Fig. 718, were in series with another winding having
0.729 ohm between the source and the load L. The total
equivalent resistance of the two windings is therefore 0.815 4
0.729 = 1.544 ohms. Theoretically these two values should be
equal, but, as the high-tension winding is wound outside of the
low-tension winding, the length of a mean turn of the former is
greater than the latter and consequently its total effective
resistance is higher.

The impedance of the transformer must next be measured.
To do this the low-tension side is placed on short circuit as shown
in Fig. 719 and the high-tension winding is connected upon
an A. C. low-tension source in series with a rheostat and an
ammeter, with a voltmeter across the winding. The rheostat
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should be adjusted until the high-tension winding receives
approximately its full-rated current. In this case it was given
0.455 ampere, and the observed drop was 87 volts. The actual
current here employed to find the impedance is not important,

——y

F1G6. 719.—Measurement of transformer impedance.

for within the limits of saturat'on the impedance is independent
of the current.

The total equivalent impedance of the two windings is found
by dividing this drop by the current:

" Pe 87
Thus f i Z = 0455 ~ 191 ohms.
Pe = drop across high-tension winding.

Pi = current in high-tension w'nding.
Z = total equivalent impe ‘ancz of transformer in terms of
high-t >nsion winding.

To reduce to low-tension terms the impedance must be divided
by the square of the ratio of the
turns. As the ratio is 10 to 1,
Imp danc - of H. T.

(g}

= H. T. impe-

X Sq. of ratio of turns
& dancein L. T.tirms
- o 1.91 ohms
102 ' '
A 1.543 R B The equivalent total reactance of
Fic. 720. the transformer should next be com-
puted. If, in Fig. 720, A-C = 1.91
ohms impedance, and A-B = 1.544 ohms resistance, then the

equivalent reactance will be:

X = VJZ2 — R* = V1.912 — 1,541 = 1.188 ohms.
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The impedance of a transformer operates to reduce the second-
ary voltage. The secondary current of 5.8 amperes flowing
through the equivalent total resistance of the transformer,
1.544 ohms, will fall in potential R X I = E volts = 1.544 X
5.8 = 9 volts. This voltage drop should be constructed to scale
backward from the point G to the point H, Fig. 712, in a direction
parallel to the line O-E, for the ohmic drop is in phase with the
current in the secondary winding. This current also encounters
the reactance of the secondary, and the reactive drop will be X X
I = E =188 X 58 =6.75 volts. This drop must now be con-
structed to scale from the point H to K, 90° away from the ohmic
drop G-H. The total loss due to the impedance of the trans-
former is therefore G-K, and the delivered volts at full load will be
reduced from the no-load voltage O-G to O-K. The secondary
angle of lag will obviously be &#s. The total primary angle of
lag will be ®p, which exceeds the secondary angle by a certain
amount due to the exciting current.

It will be noted that the delivered voltage of the secondary,
O-K, is slightly out of phase with the no-load voltage O-G. This
is an incident of the particular power factor which the load was
assumed to possess. Should the secondary load have involved a
‘greater angle of lag, the triangle G-K- H would have tilted to the
right in order that G- H might parallel O-E. At a certain par-
ticular angle it is evident that O-K would have coincided exactly
in phase with O-G. As the power factor of the secondary load
varies, it is evident that the triangle G- H-K will swing one way
or the other on the pivot G and thus vary-to a small degree the
phase angle of the full-load voltage with respect to the no-load
voltage. The exact relation, however, is of no particular
importance.

This vector emphasizes three things very clearly:

First: That the exciting current to supply the core losses
and keep the flux alternating is a very small part of the load
current in the transformer.

Second: That the total impedance of the windings makes a
very slight reduction in the no-load voltage at full load. The
actual e.m.f. observed at full load in this case was 210 volts.

Third: While the core losses increase the primary current for a
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given secondary load, the resistance and impedance of the two
windings reduce the delivered secondary full-load voltage for a
given applied primary voltage.

SECTION XV ‘ CHAPTER 1V
TRANSFORMERS
THE ACTUAL CONSTRUCTION OF A TRANSFORMER VECTOR
DIAGRAM

1. Sketch the actual vector diagram for a commercial transformer
with a non-inductive secondary load. State in detail the process of taking
the data for this diagram, and sketch connections for each test which
must be made.



SECTION XV CHAPTER V
TRANSFORMERS
_ TRANSFORMER TESTING

All manufacturers subject their transformers to a variety
of tests to determine the losses, efficiency and regulation. The
temperature rise under working conditions is also determined.
Most operating power companies also test their transformers to
determine the condition of insulation and to know in advance
the probability of successful operation.

Double Potential Test

Before leaving the factory every transformer is subjected to
the double-voltage or over-potential test, Fig. 721. If each of
the two sections of the low-tension winding is designed for 110

Tl

F1G6. 721.—Double-voltage transformer test.

volts, they are connected in parallel and 220 volts is applied
for five seconds. This tests the insulation of the winding
between adjacent convolutions. The high-tension winding is
meanwhile left open. As double voltage is applied to the low-
tension winding, double voltage is also induced in the high-tension
winding. While the insulation of a transformer may give no
trouble at normal voltage, it may break down at an applied
voltage in excess of normal such as would be caused by a line
surge. The ability to withstand such a surge depends upon the
insulation between turns and layers. If normal frequency were
used to make this test, the exciting current would be excessive.
To prevent this excessive current the test should be made with
increased frequency. If the frequency is increased in direct
47
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proportion to the voltage, there will be no increase in magnetic
density and the exciting current will be approximately the same.

Insulation Test

In order that it may be definitely known that the insulation
of the winding is adequate, the insulation or break-down test is
applied. From an electrical standpoint, the weakest part of a
transformer is its insulation. It is essential, therefore, that any
possible defects in the insulation, due to poor material or damage

received during process of

IIII.E- manufacture, be detected and

eliminated before placing the

transformer in service. In- -

sulation tests are made on

completed transformers for

determining the effectiveness

of the insulation. This can

- be determined by actual test

only, although a careful me-

chanical inspection is often of

value and will eliminate con-

T ditions that might cause a

B breakdown unless corrected

before making the electrical

tests. This test, shown in Fig.

722, provides that a current

from any convenient A. C.

Fi16. 722.—Insulation or break-  source of low potential be ap-

down test. . .

plied to a testing transformer

K, with a rheostat R, in series to limit the voltage applied.

The secondary can thus be made to deliver from 10,000 volts

up. The transformer T under test has first its low-tension

winding and the case connected to one side of the high-tension

testing circuit, while the high-tension winding is connected to

the other side of the testing circuit. The spark gap G is

adjusted to a certain length to prevent too high a voltage being
applied. The electro-static voltmete
With these connections the efficiency
the high-tension and low-tension wis
high-tension winding and the transfor
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determined. The ground B is then disconnected from the low-
tension side and put on the high-tension side. When the voltage
is again applied the insulation between the two windings is again
tested, but this time between the low tension and the ground
Instead of the high tension and the ground.

Load Test

To test a single, small transformer under full-load conditions
it may be loaded upon a bank of lamps. Where three trans-
formers of the same size are available which are to be tested
simultaneously, they may be tested under full-load conditions
without absorbing anything except the losses. This connection

=
"”\_M

F1G. 723.—Balancing two transformers against each other and circulating
full-load current by means of a third transformer.

—— U

is shown in Fig. 723. Here the high-tension windings of the
three transformers are connected in parallel across the primary
mains P. The three low-tension sections are connected in
series, but two are arranged so that their e.m.fs. are bucking each
other, while the third furnishes the voltage to circulate the
current of the load through all three. An adjustable reactance
X may be employed to adjust the current to the proper value,
said current being indicated by the ammeter A. The copper
losses in all three transformers and the core loss of B will be

primaries of C and D

nt which includes core
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Transformers C and D are connected in opposition and without
transformer B would not circulate current but would absorb
core losses only. Inserting transformer B as shown causes it to
circulate the current without changing conditions in C and D.
Thus B supplies copper loss for all three and its own core loss.
Transformers for this test must be of the same ratio and also
should have approximately the same impedance, otherwise
voltages on high side of transformers C and D may be unbalanced
or in some cases excessive.

To determine the temperature rise of the transformers operat-
ing under the above conditions, X is adjusted to pass about
1509, of full-load current. After so operating until no further
rise in temperature is observed, this temperature must not be in
excess of that specified, usually a rise of 40° C. Some trans-

—
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Fi1G 724.—Connections for measuring core loss
in transformer.
formers are designed with higher copper and core densities with a
permissible rise of 55° C.

A convenient method of ascertaining the temperature in-
directly is through a measurement of the resistance of the wind-
ing, both before and after the temperature run. Rise in tem-
perature is accompanied by an increase in resistance. It has
been found that for each 2.5° C. rise in temperature the resist-
ance of the winding will increase approximately 19%,. Thus, if
after an interval a 109, increase in resistance were observed, it
would indicate a 25° C. rise in the temperature. While this
method of determining the temperature is often used, it only
gives the average temperature and does not take into account
the hot spots and should be checked by actual thermometer
readings.

Core-Loss Test

To ascertain the core losses in the iron of transformers a
wattmeter is inserted in the
nected to its rated low-tensio
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The high-tension winding is left open. The wattmeter will
indicate .the power required for the eddy current and hysteresis
losses in the core.

The iron loss is constant for all loads but varies with the
frequency. The higher the frequency the less the loss. At
first glance this would seem incorrect, but a little consideration
will prove it would be the case. Neglecting the resistance of the
windings, the current that will flow in an inductive circuit is

E

I'=638nL

Now if the frequency, n, is doubled, it will cause the current to
be halved. The eddy currents induced in the core vary as the
square of the flux density and as the square of the frequency.

LT

Fi1G6. 725.—Connections for measuring
exciting current in transformer.

Therefore, if the current and consequently the flux density are
halved and the frequency doubled, the eddy current loss is not
affected.

The hysteresis loss varies as the simple frequency and as the
1.6 power of the flux density. Therefore, if the frequency is
doubled and the flux density is halved, the actual hysteresis
is decreased. Hence the total core loss falls as the frequency
rises.

As a result of the foregoing facts it should be noted that a
transformer can always be operated at a higher frequency than
that for which it was designed, and at a higher frequency will
have a somewhat greater capacity.

Exciting-Current Test

The exciting current for a transformer is measured by an
ammeter in the high-tension winding which is connected to a
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high-tension source as in Fig. 725, with the low-tension winding
open. To avoid the necessity for handling high-tension cir-
cuits the exciting current could be measured on the low-tension
side and reduced to high-tension terms by dividing by the
ratio of the transformer.

Copper-Loss Test by Direct Current

The copper loss in a transformer may be measured in two
ways—by the direct-current method and by the alternating-
current method. To measure the loss by the D. C. method, each
winding is in turn connected to a low-tension direct-current
source as shown in Fig. 726. A voltmeter should be placed
across the winding and an ammeter and rheostat in series there-
with. Any convenient current within the rated capacity of the

HT.

Fi1G. 726.—Measurement of resist-
ance of transformer winding by direct
current.

winding is passed through the circuit and the voltage drop noted.
The winding, not being tested, should be short-circuited during
the test to reduce the inductive kick on the voltmeter in the
winding under test when the circuit thereon is opened. The drop
across the terminals divided by the current gives the resistance
of the winding in ohms. The square of the full-load rated current
for that winding, multiplied by the measured resistance of the
winding when hot, is a measure of the copper loss in that wind-
ing; I?*R = P. The connections to the winding should then be
changed and the loss computed for the high-tension winding in
the same way. The total copper loss is the sum of the two losses
as calculated.

Copper-Loss Test by Alternating Current

To measure the copper loss by the A. C. method, the trans-
former should be connected as in Fig. 727. The low-tension
winding is short circuited, and the high-tension winding is con-
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nected to a low-tension source. The rheostat R is adjusted until
the ammetsr A shows the full-load current in the high-tension
winding which will likewise induce a full-load current in the low-
tension winding. The voltage drop across the high tension will
now be from 3 to 6%, of the rated voltage. This drop, divided
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VWYY
\ y

<
ye_-7 Do

FI1G. 727.—Measurement of copper loss by A. C. method.

by the current, gives the impedance of the transformer. When
the high-tension winding is thus receiving its full-load current the
wattmeter W will read approximately the total copper loss for
the two windings. The indication is not exact, as some core loss
is included in this measurement. The amount so included is
quite small, however, because the applied voltage is small and

F16. 728.—' Loading-back’ test for identical transformers, load
current being applied to low-tension winding.
the flux density varies with the applied voltage. If it is desired
to obtain the copper loss accurately by this method, correction
for the core loss may be made as follows: After having read the
y short circuited, disconnect the
the short circuit on the secondary.
ieter V reads the same as it did
now read the amount of core loss
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which was previously included in the copper loss reading. This
may be deducted if desired.

Loading Back Test

Where two large identical transformers are to be tested they
may be loaded back upon each other as shown in Fig. 728.
Here the high-tension windings of transformer No. 1 and trans-
former No. 2 are connected in series and in opposition. The
low-tension windings will likewise be connected in series with each
other and also in series with the secondary of a third transformer,
No. 3, having a variable ratio and whose primary is connected
across the source of supply. This third transformer furnishes
the necessary e.m.f. to circulate the full-load current through

b D

F1G6. 729.—*Loading-back"’ test for identical transformers, load
current being applied to high-tension winding.

LT

the low-tension windings of both transformers. As these wind-
ings are inductively coupled with the high-tension windings they,
too, will carry full-load current. The actual energy required
for the copper losses will be supplied by the third transformer,
while the magnetizing currents and core losses are supplied from
the main source through transformer No. 4 on which the two
transformers under test are directly connected.

Fig. 729 shows a similar loading-back arrangement, the only
difference being that the application of the load current is made
to the high-tension windings directly instead of to the low-
tension winding.

Regulation Test

The regulation of a transformer is

rise in potential from full load to n
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let a transformer be loaded to its full capacity and the reading
of the voltmeter V, be observed. Then let the load be discon-
nected and, with the same primary voltage applied as before,
observe the secondary voltage. Call this V;. The regulation
of the transformer will now be:
%’ X 100 = 9, regulation.
2
Thus, if the transformer delivered 108 volts at full load and 110
volts at no load, the regulation would be:
110 — 108
_— = o7
108 X 100 = 1.85%.

As the difference between the no-load and full-load voltage
of commercial transformers is usually but a small percentage of
the full-load voltage, it is very difficult to determine the regula-
tion of a transformer by actual test. The test also involves a

N o

F1G. 730.—Regulation test.

considerable expense in the way of power. For these reasons,
it is the custom to calculate the regulation of transformers
mathematically from a knowledge of the reactance and resistance
of the windings. One method is as follows:

E, = VE,* — IX®* — IR
Where:
E; = voltage at secondary terminals at full load.
En = voltage at secondary terminals at no load.
I = full load amperes.
X = combined reactance of primary and secondary windings
in terms of the low-tension winding.
R = combined resistance of primary and secondary winding
in terms of low-tension winding.

Then:

ity power factor,
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For lagging power factor the first formula becomes:
E; = VE,2 — (cos ® IX — sin ® IR)? — (cos & IR +sin ® IX)

where cos ® equals the power factor.

These methods of calculation give quite accurate results.

If PV, equals the e.m.f. applied to the primary no load,
and SV, equals the e.m.f. of the secondary at no load, and PV,
equals the e.m.f. applied to the primary at full load and SV,
equals the e.m.f. of the secondary at full load, then the

. _ PV,
No load ratio = SV,
. _ PV,
Fullload ratio = SV,

Efficiency

The efficiency of a transformer in terms of output may be
stated as follows:

Efficiency = Output _.
y Output + iron loss + copper loss

e e P. output

Efficiency = P. intap;{e'

Transformer Booster

Because the secondary e.m.f. of a transformer is almost
exactly opposite in phase to the e.m.f. applied to the primary,
the secondary winding may be connected in series with the source
which supplies the primary winding of a transformer for the

1000 E 1100 E mTo E

FiG. 731.—Transformer booster connections.

purpose of boosting the voltage on any circuit desired. This is
illustrated in Fig. 731. Here the high-tension winding of a
transformer is connected directly across an alternator. The
low-tension winding of any desired voltage is connected in series
with the load. If the secondary delivers 100 volts, the e.m.f.
of the primary mains 1,000 volts and low-tension together will
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deliver 1,100 volts, of which 100 may be lost in the feeder, and
the load thus receives the same pressure which the alternator
originally generated, or 1,000 volts. The transformer here
resembles a shunt type of D. C. booster, for the boosting does
not vary with the load but is of fixed value, at all times depend-
ing upon the voltage of the secondary. It should be remembered
that, with this booster connection, the low-tension winding is
subjected to a high potential and may or may not be sufficiently
well insulated to withstand such voltage.

SECTION XV CHAPTER V
TRANSFORMERS
TRANSFORMER TESTING

1. Explain the method of performing the “double voltage” or “over-
potential” test on a transformer. Sketch connections.

2. Explain the “insulation” or “breakdown” test for transformers.
Sketch connections.

3. Explain the “heat” or “temperature” test. What percentage of load
should be carried and how long should the test be run? What rise in
temperature is permitted? Sketch. How much energy is required for
performing this test? )

4. Explain the “iron loss” test on a transformer. Sketch connections.

5. Explain the test for ‘“exciting current” in a transformer. Sketch
connections.

6. Explain the “copper loss” test on a transformer by the D. C. method.
Sketch connections. What precautions should be taken to avoid the
inductive kick, when the circuit is broken, from injuring the instruments?

7. Explain the “copper loss” test on a transformer by the A. C. method.
Sketch connections. Is this test accurate? What corrections, if any,
should be made?

8. Explain the “regulation” test for a transformer. Give formula.
Sketch connections.

9. Give formula for the efficiency of a transformer. Tabulate the
various losses.

10. Explain the transformer booster. Sketch connections. Is the boost-
ing in proportion to the load, or is it fixed?



SECTION XV CHAPTER VI
TRANSFORMERS
TRANSFORMING POLYPHASE POWER

To transform single-phase power requires the use of but one
single-phase transformer.

To transform two-phase power requires the use of two trans-
formers. Fig. 732 shows the diagrammatical arrangement of
the high-tension and low-tension windings and the respective
connections to the primary and secondary mains. The actual
appearance of the connections on the outside of the transformer
is shown in Fig. 733. Either the high or low-tension sides or

PHASE A PRIMARY

PHASE B |
MWWWWWWW AWWWWWWA-
~AVVWWWWWWA AMAVWWWAS

_|PHASE A

SECONDARY MAINS PHASE g

F16. 732.—Two-phase transformation by
means of two single-phase transformers.

both may be connected four-wire or three-wire as desired. The
power which may be transformed is equal to the sum of the
single-phase ratings of the two transformers, which are assumed
to be of identical capacity.

"To transform three-phase power any one of three plans may be
adopted:

First: Three single-phase transformers connected in Y or in
A. Fig. 734 shows the theoretical arrangement of the high-
tension and low-tension windings of
formers connected in Y. Here the
supply the primaries, while the low-tensi
mains D-E-F. The outside appearance

58
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so connected is shown in Fig. 735. Corresponding ends from
each of the threc transformers are taken out on the right of the
transformer cases and connect to the middle point of the Y at G.
The remaining ends of the high-tension windings connect to the
lines A, B and C. The low-tension terminals project from the

—IPHASE A
PRIMARY | MAINS
< PHASE B
TRAN A TRAN B
2
T r r r PHASE
@
PHASE | A
SECONDARY MAINS
v PHASE B
FiG. 733.—Outside appearance of Fic. 734.—Theoretical con-
connections of two single-phase trans- nections between high-tension
formers employed for two-phase trans- and low-tension winding of three
formation. transformers connected in Y,

front of the case, the right or corresponding ends connect to the
middle point of the Y at H, while the remaining terminals D,
E and F lead to the secondary circuit.

A A-connected bank of three transformers is diagrammatically

A |e sl

1 ] 1 T [ |
H
D E F

F1G. 735.—Actual connections between high-
tension and low-tension winding of three trans-
formers connected in Y.

illustrated in Fig. 736. Here, the terminals of the high-tension
side of the A lead to the primary mains A, B and C. The
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terminals of the low-tension side lead to the secondary mains
D, E and F. The actual appearance of the outside of the cases
of a A-connected bank is shown in Fig. 737. Here the three
c high-tension windings are con-
nected as shown in a closed
circuit or mesh. Taps from be-
tween each of the two trans-
formers lead to the high-tension
mains A, B and C. The low-
tension connections project from
the front of the cases and are
also connected in closed mesh.
Taps from between each two
_ transformers lead to the second-
ary mains D, E and F.
D F | E Second: Three-phase power
Fio. 736—Theoretical may be transformed by the use
tion;%etweé;higﬁ?::rtx’scizn acx;)t? l%ewc: of two single-phase transformers
tension winding of three trans- connected in either Tor V. If
formers connected in A. 30 kilowatts of power is to be
transformed, three 10-kilowatt single-phase transformers may
be employed. If, however, two 17.3-kilowatt transformers are

A B

A B.l cl

ol e -
F1G. 737.—Actual connections between high-

tension and low-tension winding of three trans-
formers connected in A.

available, the same 30 kilowatts can be transformed just as

readily by the T or V connection. (See page 62.)
The T connection is illustrated in Fig. 738. Here, one end of

one winding of the transformer A is connected to the middle
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point of one winding of the transformer B. The connections
are duplicated on the other windings. The relations which
these windings bear to each other are illustrated in Fig. 739.
If the winding A-B is adapted for 100 volts, then one-half of
that winding, or A-D, is designed for 50 volts. If at the point
D, a winding D-C, designed for 86.7 volts, is connected, it will
be observed that A-C = VAD? + DC? = V50% + 86.7% = 100.
Thus, if a force of 100 volts is applied to A-C, it may be resolved
into two forces, one of 50 volts in the direction A-D and the
other of 86.7 volts in the direction D-C. Likewise, if a force of
100 volts is applied between C and B, it may be considered as

2N
H

~.
il TP 4 S

1
Fic.

2
738.—Theoretical

3

ar-

rangement of circuits in T con-
nections between two trans-
formers.

\\\ 100 P
\._1 2&4

F1G. 739.—Relation of voltages in
T-connected transformers.

resolved into two forces, one 86.7 volts in the direction C-D
and the other 50 volts in the direction D-B. Finally, if a force
of 100 volts be applied to A-B, these three forces in the two trans-
formers may be so combined as to give symmetrical three-phase
currents, although there are but two iron cores instead of three.

In order to transform three-phase power it is necessary that
there be at least two magnetic paths in which the fluxes may
differ by some phase angle. Polyphase power cannot be trans-
formed by a single transformer having a single magnetic cir-
cuit, for, if polyphase currents were applied to two or more
windings on such’a core, their separate magneto-motive-forces
would simply produce one resultant flux and the induction on
the low-tension winding would be of but a single em.f. and
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current. The outside connections to the transformer cases for
two transformers connected in T is shown in Fig. 740.

Another possible arrangement for three-phase operation with
two transformers is shown in Fig. 740. This is called the

1 2 3

1 2 3

Fi1G. 740.—Actual appearance of
connections of two transformers
connected in T. :

resultant mesh, open A or V
connection. It is the same as
the A connection shown in Fig.
736 but with one transformer
omitted. Thus two 17.3-kilo-
watt transformers in Fig. 741
would replace three 10-kilo-
watt transformers in Fig. 736.
Obviously, if a voltage is im-
pressed on A-C, 60° out of
phase with each of two other
voltages impressed upon A-B

and B-C respectively, it would produce a current in A-B-C which
is out of phase with the currents in each of the transformer pri-
maries. The phase A-B would induce a secondary e.m.f. in

D-E, the phase B-C would likewise trans-
form to the winding E-F, while the third
phase, for which no winding is provided,
impressed across A-C, would induce a
third voltage in D-F in phase therewith
through the medium of the two trans-
former windings in series.

If one phase of a Y-connected bank of
transformers, Fig. 734, burned out on
either the high-tension or low-tension
side, the remaining two phases thrown
in series would merge their voltages, cur-
rents and fluxes into a single-phase
resultant. The ability to opsrate threc
phase would then be lost and the system
would be reduced to single-phase opera-
tion.

If, however, a closed A connect
Fig. 736, was being used, the burr
out of either high tension or low ten:
ply alter the connections to an of
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system would continue to operate as a polyphase system with
a capacity of 589, of the original bank. The A connection there-
fore assures more reliability in operation than the Y connection.

In transformers designed for either T or V connections there
must be provided 159, greater copper than that normally re-
quired for a given single-phase rating. The reason for this is
that the current in and line voltage across the transformer differ
from each other by 30° at 1009, power factor. Thus for the
V connection, Fig. 742, the current in the line A has the direc-
tion O-C, while the voltage has the direction G- H. It is evident
that these two values are also displaced in phase by 30° for the

Fi1G. 742.—Phase relation of line-currents
and voltages to phase currents and voltages
in V or open-A connection.

T connection, Fig. 743, for the current in the line A has the
direction O-C, while the voltage has the direction G- H.

To deliver a given power at unity power factor, P = E X I X
v3, but when the current and voltage differ in the transformer
winding by 30°, the expression for the power will be P = E X
I X V3 X cos 30° (cos 30° = 0.866). Now to transform a given
power with a T or V connection either the voltage or current
must be increased. As the voltage is fixed, the current must be
increased. Thus if a current of 10 amperes were required at
1009, power factor, then the increase in current due to this phase

angle will be 0
1

0.866
which is 159, greater than 10 amperes. Transformers having T
or V connections are provided with this 159, excess of capacity

= 11.5 amperes
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in copper. Thus to transform 30 kilowatts as in the example on
page 60, would require three 10-kilowatt transformers. But if two
transformers are used with V or T connection, 15% additional
capacity will be required. 159, of 30 kilowatts equals 4.5 kilo-
watts, making a total of 34.5 kilowatts. This divided in two
gives 17.3 kilowatts for each transformer.

Sometimes two core-type transformers for operation in T or
V are placed one on top of the other and then mounted in a
single case. This economizes floor space. Such an arrangement
is called a duplex transformer. ,

Third: Three-phase power may be transformed by means of
a single composite transformer with three magnetic paths through
which there may circulate three fluxes differing in their phase
relation. These fluxes, however, need not be confined entirely

Fi1G. 743.—Phase relation of line-cur-
rents and voltages, to phase currents and
voltages, in T connection.

to separate and independent cores. Certain portions of the iron
may carry the fluxes of two or all three phases:

The resultant of two or three fluxes, out of phase with respect
to each other, is less than their arithmetical sum, hence there will
be an economy in iron in the construction of a composite trans-
former over that to be found in three single-phase units.

Theoretically the cores of a polyphase transformer should
be arranged in the form of a triangle with a magnetic yoke con-
necting the three cores on the top and another on the bottom,
giving in effect a A arrangement of the fluxes. Practically it
has been found that these three cores may be placed in line,
giving a better and cheaper mechanical construction.
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The plan of the core-type composite transformer is shown in
Fig. 744. Here the high-tension windings A, B and C are wound
one upon each leg, the low-tension winding, D, E and F, being
interlaced therewith. The fluxes, being 60° apart in phase, will
always find a satisfactory circuit through the iron so provided,
for the flux in the core C-F, for instance, will be the geometric
sum of the fluxes in the core
A-D and the core B-E at that PRIMARY
particular instant.

The core-type transformer here
shown in Fig. 741 becomes in-
operative if one of the phases is
short-circuited because the flux
from the other two phases being
driven through the short-cir-
cuited winding causes the pro-
duction of excessive current
therein. If, however, one phase
is open circuited, the remaining
two may operate satisfactorily if
reconnected in Tor V. Fig. 745  Fic. 748.—Theoretical arrange-
il.lustrates the actual construc- ;:;;‘ito n°fci£‘ciﬁ?t':e"§;°“ tlff‘;g_pi‘;‘;
tion of a General Electric three- composite transformer.
phase core-type transformer.

The relation between the sizes of single-phase transformers
and a core-type composite transformer is shown in Fig. 746.
Here the leg A-D represents one core having a high-tension and
low-tension winding capable of handling 1 kilowatt. B-E also
has a capacity of 1 kilowatt. As it stands it is a 2-kilowatt
single-phase transformer. If, now, a third leg of iron C-F be
added, equal in cross-section to B-E, and if a winding of one
kilowatt be placed thereon, the transformer becomes a composite
3-kilowatt transformer having a capacity of 1 kilowatt per leg.

The relative cost of transformers for transforming three-

e 1-
73-

one
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The third method is the most economical one for transforming
three-phase power, but no three-phase composite transformer
is as efficient as a single-phase transformer of the same total
output and design. That is to say, if 300 kilowatts arc to be
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transformed, the efficiency of one 300-kilowatt composite trans-
former would be higher than that of three 100-kilowatt single-
phase transformers employed to do the same work, but a
300-kilowatt single-phase transformer is more efficient than a
300-kilowatt composite three-phase transformer. Many large ca-
pacity high-voltage composite transformers are of the shell type.
The construction is illustrated in Fig. 747. The high-tension
and low-tension windings of the three phases are wound upon
the central section of the core laminations A, B and C. The
magnetic circuit being divided, the path through D will be
one-half the cross-section of the path through A. As the mag-

r
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' ' N ol A lo)
Fi1c. 746.—Showing  relative
amounts of iron and copper Fi1G. 747.—Theoretical ar-
required in three-phase composite rangement of iron and copper
transformer compared with a in  three-phase shell-type
single-phase transformer. transformer.

netic fluxes in A, B and C are out of phase with each other the
cross-section of the paths E need be no greater than the cross-
. section of the paths D. For a given capacity in phase 1, a
single transformer would have the dimensions outlined by L-M,
G-I. Phase 3, if operated alone, would require a transformer of
the dimensions H-K-N-O. Because of the difference in phase
of the fluxes it will be observed that the iron for phase 2 is less
than the amount required for phase 1 and phase 3 by the keeper
sections E-E-E-E. The actual saving in iron cffected by this
arrangement is between 10 and 209; of the amount which
would be required for three single-phase transformers handling

’
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the same amount of power. The p]an of the three-phase shell-
type transformer shown effects some economy in floor space.

Scott Connection for Transformers

For changing from two phase to three phase a special arrange-
ment of the transformers called the “Scott Connection” is em-

F1G. 748.—Theoretical arrangement of
high-tension and low-tension circuits of
two ‘‘Scott-connected’’ transformers.

ployed, Fig. 748. The high-tension windings of two transformers
are connected to a two-phase source, in which the e.m.fs. are

displaced from each other by
90°. One end of the low-tension
. 1000E 1000 E winding of phase 1 is connected
to the middle point of the low-
tension winding of phase 2. The
S0 | S0 | {

2
1

100 E 100
100 E

F1G. 749.—Relation betwe
ages in ‘‘Scott-connected '
formers.
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C-D, 86.7 volts and A-D and D-B each 50 volts. If now a
1,000-volt source is connected to the high-tension sides of the
two transformers, as in Fig. 749, there will be induced, in
the two low-tension windings,
100 volts and 86.7 volts re-
spectively. The combination
of each half of the 100-volt
winding and the 86.7-volt wind-
ing will give three symmetrical
e.m.fs. of 100 volts each on the g
low-tension side. The outside -__l

appearance of two transformers ! 2 :

Ph. 1 Ph. 2

: H F1G6. 750.—Actual external ap-
S<.:ott connected is shown in pearance of two  Scott.connected
Flg- 750. transformers.

Three-Wire Transformers

Where transformers are to be operated on the three-wire
single-phase system it is not necessary to use two transformers
of 110 volts each in series to supply the two sides of the system.

.

-

s
:
!
|

[ P

F16.751.—Ordinary core-type Fic. 752.—Core-type trans-

transformer not adapted for former especially designed for
three-wire operation. three-wire operation,

A single transformer of the shell type or cruciform type may be
employed with a tap taken from the middle point of the wind-
ing for the neutral wire. If a core-type transformer is em-
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ployed, trouble in regulation will be experienced unless a special
design is used. Suppose, for example, that a core-type trans-
former has its high tension winding in two parts connected in
series across the primary mains P, Fig. 751, while the low-ten-
sion winding, also divided in two parts, is connected in series
and a tap from the middle point used to supply the neutral of a
three-wire system. If now the system becomes heavily over-
loaded with an excess of lamps at C, the current drawn through
the secondary section D will react on the magnetic flux, diverting
it from the core through the path E. The flux through F being
thereby reduced, the voltage on the lamps C falls below that on
the lamps B. The greater the differ-
ence in load the greater the difference
in voltage.

If, however, the transformer sec-
ondaries are divided into sections as
in Fig. 752, and the section F is cross-
connected in series with the section G
to supply the lamps at D while the
: section H is cross-connected with the

Fig. 753.—Various volt-  gection K to supply the lamps at E,
ages available from two- ! .
phase alternator when the then in case of an overload on one side
two phases are tied together  of the system, such as E, the excess of
at the middle. : h

current demanded is derived equally
from H and K and therefore reacts equally on the total magnetic
flux. There is therefore no perceptible inequality of voltages
accompanying unbalanced loads. With large transformers the
sections are still further subdivided and interconnected so as to
minimize leakage.

The various arrangements of single-phase transformers for
a two-phase system are shown in Fig. 754. The two windings
of the alternator supplying the system are connected together
at a middle point, Fig. 753, which accounts for the various volt-
ages obtained. Single-phase transformation with one trans-
former is shown at A, Fig. 754; two-phase four-wire transforma-
tion with two transformers at B; a two-phase three-wire “T" con-
nection changing to two-phase four-wire at C; and a *“‘Scott
connection changing from two-phase to three-phase at D.

Fig. 753 illustrates the various arrangements of single-phase
transformers for three-phase overation. Thus A showsa A to A

-~
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connection, B a Y to Y connection, both employing three
transformers. C is a V connection and D is a T connection,
both of these employing two transformers each, while E is a
““Scott” connection, three-phase to two-phase.

Many attempts have been made to distribute a single-phase

FiG. 756.

load equally between the phases of a three-phase source by some
scheme of transformer connections, but this has never been
satisfactorily accomplished. The best that can be done is to
divide a single-phase load into two parts and connect it equally

FiG. 757.

upon the two phases of
This will divide the loa

The flexibility of vo
phase transformers pro'
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and two sections in the other is shown first in Fig. 756. Here
the three sections on one side of each transformer are connected
in parallel. These three transformers are then connected in A.
The two sections on the other side of each transformer are con-
nected in series. The three transformers are then connected in
A on that side. With 11,000 volts employed on the primary,
22,000 volts is delivered in the secondary.

Without altering the primary connections a change of the
high-tension sides from A to Y, Fig. 757, will enable 38,000 volts

F16. 758.

to be obtained instead of 22,000. If the transformers are now
turned around and the two sections of each transformer are
placed in parallel and the three transformers then connected in
A and 11,000 volts applied, then with the three sections on the
high-tension side of each transformer connected in series 4nd the
three transformers themselves connected in Y, Fig. 758,'57,000
volts may be obtained. Thus with a primary e.m.f. of 11,000
volts available, three separate secondary voltages may be
obtained according to the connections employed.
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SECTION XV CHAPTER VI
TRANSFORMERS
TRANSFORMING POLYPHASE POWER

1. Sketch connections showing transformers required for transforming
two-phase power.

2. Sketch three single-phase transformers connected in “Y.” Give
diagrammatical sketch and also the actual connections as they would
appear on the outside of the three transformer cases.

3. Sketch three single-phase transformers connected in “ A.” Give
diagrammatical sketch and also show connections as they would appear on
.the outside of the three transformer cases.

4. Sketch two transformers connected in “T” for three phases. Give
diagrammatical sketch and also the connections as they would appear on
the outside of the transformer cases. Explain the principle involved.

5. Sketch two transformers connected in “V” or “open A.” Give
diagrammatical sketch and also connections as they would appear on the
outside of the transformer cases.

6. Must the aggregate capacity of two transformers for “T” or “V”
connection on a three-phase system be greater than if three single-phase
transformers were used. If so, how much and why?

7. Explain the principle of the composite thrce-phase “core” type
transformer. Sketch. What are its advantages and disadvantages?
What is its relative efficiency compared with three single-phase trans-
formers of the same aggregate capacity and with one single-phase
transformer of an equal capacity. B

8. Explain the principle, construction, advantages and disadvantages of
the three-phase “shell” type transformer.

9. What is the advantage of the “Scott connection” for transformers?
Sketch two transformers “Scott connected?” Give the relative e.m.fs., of
all phases on both sides. Give diagrammatical sketch, also the connections
as they would appear on the outside of transformer cases.

10. Explain what modification is necessary in the construction of an

ordinary ‘“core” type transformer to adapt it for use on a three-wire
system,




SECTION XV : CHAPTER VII
TRANSFORMERS
AUTO-TRANSFORMERS

An “Auto-transformer”’ differs from the ordinary type in that
it has a single continuous winding which is used for the impressed
voltage and furnishes one or more secondary voltages from the
same winding. In an ordinary transformer the high-tension
and low-tension windings are most carefully insulated from each
other, but if the voltages are so low that both are harmless, or
so high that both are dangerous, or if there is a comparatively
small difference in voltage between the two sides, there is no
advantage in insulating the windings from each other. In the

10 |

100 E—>

101

10 |

Fi16. 759.—Currents, voltages and windings in-
volved in an ordinary transformer.

auto-transformer no attempt is made to insulate the supply
circuit from the load circuit because a decided economy in
material results from having these two circuits common to each
other. An auto-transformer may be employed to either raise
or lower the voltage as desired.

Beside the fact that in ordinary transformers the windings
are separate and insulated from each other while in auto-trans-
formers they are connected, there is another fundamental
difference. With ordinary transformers the power transformed
is the same as the power delivered to the load. With auto-trans-
formers the power transformed is always less than the power
delivered to the load. Herein lies the economy in the use of
auto-transformers. With a given voltage the size of an ordinary

75
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transformer varies directly as the power transformed. There-
fore, if it is possible to obtain a given output without transforming
all the power, a net saving in the cost of the transforming appa-
ratus will result. Consider an ofdinary transformer with two
windings in Fig. 759. The high tension receives 100 volts and
10 amperes. The low-tension winding delivers 50 volts and 20
amperes. By altering the arrangement to that shown in Fig.
760, one-half of the copper—namely, that required by the
- low-tension winding—is saved entirely. The same high-tension
winding is used as before, but a tap is taken at the point B for
the secondary load. Ten amperes drawn from the source enters
the high-tension winding at A and flows to the point B. It

100 E

1oL \|s/or

S

F16. 760.—Economy of copper effected in
auto-transformer.

falls in potential 50 volts to that point. In so doing 50 volts is
produced in the section B-C (neglecting losses). Another 10
amperes at this pressure flows in.the opposite direction. The
10 amperes, flowing upward through C-B, unites with the 10
amperes coming down through A-B, delivering 20 amperes in
the line B-D to the load. This current, returning through E,
finds its way to the source from which it emanated. The 10
amperes that originated in B-C returns to that portion of the
winding, entering at C. The 10 amperes that came from the
original source of supply F returns via the wire G to the source
from which it came. The same result is accomplished as far
as the load is concerned as in Fig. 759. If, therefore, as pre-
viously stated, both voltages are so low as to make the amngo-
ment safe, or both voltages are dangerous to life, or if
not much change to be effected in voltage, there is every af
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tage in the auto-transformer arrangement, Fig. 760, over the
plan in the usual transformer shown in Fig. 759.
The K.V.A. capacity of an auto-transformer required in any
given case equals
EHT — ELT
EHT

where EHT = e.m.f. of high-tension winding.
ELT = e.m.f. of low-tension winding.

Thus if, as in the preceding example, EHT is 100 and ELT
is 50, and the power required by the load is 6 K.V.A,,

100 — 50
00 X 6 = 3K.VA.

Thus an auto-transformer of 3-K.V.A. capacity would answer
for the necessary transformation with a 6-K.V.A. load, whereas,
if an ordinary transformer were
employed with the two windings
separate, 6 K.V.A. would be nec-
essary.

The auto-transformer may be
used equally well to either raise
or lower the voltage. Thus in
Fig. 761, if power be supplied at the points A-B at 220 volts,
tapped into the end and middle points of a winding, power could
be taken off at C-D at 440 volts. This is because current flows
through the wire A and into
the transformer from F to E,
thereby inducing an e.m.f. in
the other half of the winding
in the direction from G to E.
This portion of the winding
G-E acts as an auxiliary e.m.f.
in series with the source across
B-A, and as each is of 220
volts the load connected across D-C will receive 440 volts. If the
connections to G-E are reversed as in Fig. 762, the current
flowing through F-E induces an e.m.f. in the other portion of
the winding in the direction G-E. This e.m.f. is now in opposi-
tion to the source across the B-A, and the voltage across C-D

X K.V.A. of the load,

Fi1G. 761.

Fic. 762.
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is therefore zero. If the relation between the voltage in G-E and
E-F could be altered gradually, an entire range of voltage from
zero to 440 volts could be obtained. This is actually effected
in the induction regulator designed for varying the voltage in
a feeder supplying an alternating-current load. ’

The induction regulator .consists of two windings, Fig. 763,
one a secondary S, connected in series with the load, the other
a primary P, in shunt with the line. The primary is mounted
so that its inductive relation to the secondary can be varied. As
the connections to the primary are of fine wire they are flexible,
while, if the secondary were moved, the heavier connections
would be stiff and more difficult to handle. The circuits shown
constitute an auto-transformer or transformer booster with a
variable ratio of transformation.. If the primary is rotated 90°
in one direction, the voltage on the line will be raised by the
amount of e.m.f. induced in the secondary. If the primary is

iy
y;

SOURCE Ny A LOAD

Fi1G. 763.—Theoretical arrangement of induction regulatér.

rotated 90° in the reverse direction, the voltage on the line will be
lowered to the extent of the induced e.m.f. in the secondary.
The actual construction of the induction regulator is shown in
Fig. 764. The primary P is wound upon a pivoted iron core
C resembling a Seimen’s “H" armature. The secondary S is
placed in slots in a stationary iron member as shown. The
relative position of the two coils in this view is the same as in
Fig. 763. When the primary is rotated 90° the two windings
are parallel with each other, and a maximum voltage is induced.
When they are at right angles to each other in the position of
minimum induction the coil S constitutes a highly inductive
circuit which would cause a considerable drop in voltage as the
line current passes through it to the load. To offset this self-
induction a short-circuited coil B is placed in the primary member
with its plane at right angles to that of the primary coil. In
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the position shown in Fig. 764 it is parallel with the secondary
coil and acts as a short-circuited secondary to that member.
Its reaction therefore neutralizes the self-induction of the

2

/v R ) —
Z 4

:tion regulator
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secondary. As it is at all times at right angles to the primary,
it never has any voltage induced in it due to that member.
In the position shown, the current in the short-circuited coil
reduces the reactance of the secondary winding to practically zero.

The position of the primary coil may be controlled by hand
or automatically. Usually a small A-C motor is placed upon the
top of the regulator case connected through a worm gear to the
movable primary. This motor is connected in circuit by means

F1G. 765.—Retaining case and inside construction of
General Electric induction regulator with motor for rotating
primary.

of a contact making voltmeter, which causes the motor to rotate
the primary in either direction, as desired.

Fig. 765 shows the retaining case, usually filled with oil, and
the regulator with operating motor on the top. This type is
built by the General Electric Company.

‘Instead of rotating one ¢
other, both windings may
switch employed to connect
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secondary winding. This is called a compensator type of voltage
regulator. It accomplishes the same result as the induction
type. Both are forms of auto-transformers.

A simple scheme of auto-transformer connection for giving
a two to one ratio of voltages is shown in Fig. 766. The low-
tension windings only of three
transformers are used. The high-
tension windings are taped up.
Usually three such windings are
connected in A and tape taken
from the middle points of each
winding. The application of
three-phase, 440 volts, to the
points A-B-C will enable three-
phase, 220 volts, to be drawn
from the points A’-B’-C’. The
current available in each low-
tension line will be twice the current supplied from the high-
tension lines. It is important to note in this case that the
direction of phase rotation in the two A’s is opposite. This is

Fi1G. 766.

1 2| 3
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due to the fact that the second A is upside down or 180
degrees away from the first. When this arrangement is used
to obtain a 509, voltage tap for starting motors, two of the
leads must be interchanged when
passing from half potential to full
potential, otherwise the motor
would reverse.

A method of securing a two-
phase to three-phase transforma-
tion by the aid of auto-trans-
formers which will effect an
economy in material is shown in
Fig. 767. Two auto-transform-
ers, having the relations of 86.7
to 100 to each other, are con- Ph.2 —
nected in T. A two-phase FiG. 770,
source supplies current through
the wires A-B-C-D. From the points E-F-G, three alternating
currents, 120° apart in phase, may be obtained. With the
usual ratio in such transformations, a total capacity of 7 kilo-
watts in the upright and 14 kilowatts in the cross bar of the

~——— Ph.1—

1 2 3
* [
-
D F E £
c T

Ph.2 —=
FiG. 771,

T will enable 100 kilowatts to be passed from the two-phase
source to the three-phase load.

Another ingenious three-phase to two-phase transformation
is shown in Fig. 768. Here a A-connected bank of transformers
has a tap taken at a point A in one transformer and at D in
another transformer, these taps being so related to each other
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that the line A-B is at right angles to the line C-D. Then when
a three-phase supply feeds the bank at F-G- H, two-phase currents
may be drawn from I-K and L-M.

A common auto-transformer connection for changing two-phase
three-wire to three-phase is shown in Fig. 769. The two-phase
voltage here must be just one-half the three-phase.

Another two-phase to three-phase arrangement employing
A connections is shown in Fig. 770.

A most unusual connection for changirg two-phase to three-
phase with only one transformer is shown in Fig. 771. The
A2 theory of this connection, refer-
/ ring to Fig. 772-A, is as follows:

\ : The phase relation between the

\ three-phase lines 1, 2 and 3 is 60°.

\ If a transformer is connected be-

/ tween points B and C, the vector
\  direction of its voltage will be

/ \, 2long theline B-C establishing the
1 F. E phase direction of phase No. 2.

. Fic. 772 A connection between points 2 and

F will establish the phase direction
for phase No. 1. The phase relation between phase No.1 and
phase No. 2 will obviously be 90° as the point F is taken at the
exact middle of B-C. Phase No. 2 is taken from taps D and E
which are so placed that the voltage across D-E is 86.7%, of the
voltage across B-C. The two-phase voltage in this connection
is obviously 86.7%, of the three-phase voltage. Many other
auto-transformer connections are possible by which a polyphase
system may be converted and voltage changes effected with
great economy in material.
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SECTION XV - CHAPTER VII
TRANSFORMERS
AUTO TRANSFORMERS

1. What is meant by an “auto” transformer? What are its advantages
and disadvantages? When should it be used, and when should it not
be used? Under what conditions is it most advantageous to use an auto
transformer?

2. If the high tension voltage of a system is 2,200 and the low tension
side requires 550 volts and the load demand on the low tension side is 160
k.w., what will be the k.v.a. capacity of an auto transformer for the
purpose ?

3. Explain the principle of an “induction regulator.” Where is it used?
How is it controlled? How is the reactance of the secondary neutralized?

4. Sketch a A connection of the low tension windings of three single-
phase transformers to produce a two to one ratio as auto transformers.

5. Sketch a two-phase to three-phase connection of an auto transformer.
What are the voltage ratios established ?

6. Sketch a single-phase transformer and the connections necessary
to convert a two-phase to three-phase.

7. Can polyphase power be tranformed by the aid of a single transformer
having a single magnetic circuit? Why?



SECTION XV CHAPTER VIII
TRANSFORMERS
PHASING OUT OF TRANSFORMERS
Paralleling Transformers on Single;Phase Circuits

When two or more transformers are to be paralleled on both
the high-tension and low-tension sides, it is necessary to test
the instantaneous polarity of the secondary of one before it is
paralleled with the others to avoid short-circuiting the line.
Thus in Fig. 773, transformer A is assumed to be in circuit with
the high-tension mains and its low-tension winding connected
to the low-tension mains. Transformer B may now have its
high-tension terminals connected to the high-tension mains
without any testing. One end of its low-tension winding may
also be connected to a low-tension main, but before the other

— e

F16. 773.—Test to determine relative in-
stantaneous polarity of low-tension windings
of two transformers.

end is connected a test must be made between the points at C
to determine whether or not its polarity at a particular instant
is right. A voltmeter, fuse or lamp bank may be employed for
this purpose. If a voltmeter is connected at these points it will
indicate twice the normal voltage if the connections are wrong,
for the two low-tension windings would then be in series. If
the connections are right, zero voltage will be indicated. Under
the latter condition the voltmeter may be removed and the gap
closed. If a fuse equal to the rated capacity of the transformer
be inserted in place of the voltmeter, it will blow if the connec-
tions are wrong but will not be affected if the connections are
right. When testing with a voltmeter, if a load is on the low-
86
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tension circuit, a slight voltage may be detected across C due to
the difference in potential between the generated voltage in the
transformer B and the delivered voltage of the transformer A.
A lamp bank may be also used for testing but should have enough
amps in series to withstand double the transformer’s voltage.
If the lamps are lighted to full candle-power, a wrong con-
nection is indicated. If they do not light at all, the connections
are correct.

Paralleling Transformers on Polyphase Circuits

"To put three single-phase transformers in A and connect in
parallel with another bank already in parallel on the high-
tension side, proceed as follows:

Connect all three high-tension sides in parallel on one phase

j-'- _ ;+B ¥

A - c |
W A‘A'A'A'A'A'A'A A'A'A'A'A'A'A'A
MWW MMM + WWW/

+ Jk of Ml+
- J S i Y

F1G. 774.—Identification test for terminals of high-tension
and low-tension transformer windings.

of the high-tension source, Fig. 774. Tag all three leads on
one high-tension side “+.”

Tag all three leads on the other high-tension bus “—.”

Connect both low-tension leads of one transformer, C, to
the low-tension bus, M-N. Test out the low-tension leads of the
other two transformers and parallel as in single-phase test in
Fig. 773. When all three low-tension windings have thus been
placed in parallel:

Tag all three leads on one low-tension bus *“‘+.”

Tag all three leads on the other low-tension bus “‘—.

Now to put the three high-tension windings in 4, disconnect
from the high-tension mains and connect the three high-tension
transformer windings, + to —; + to —; 4+ to —, as in Fig. 775.

"
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If it is desired to place these windings in Y instead of in A
three correspondings ends should be tied together and the other
three corresponding ends led to the high-tension mains as in

Al +
* -
gﬁg Y:"'(,R - <
Bl
+ - + +
F16. 775. F16. 776.

Fig. 776. Put the low-tension winding in A or Y in the same
manner.

Then put the high-tension A in circuit with the high-tension
source as at B, Fig. 777.

Next test the original low-tension source represented by the
points 1, 2 and 3, Fig. 777, against the secondary A of the newly
connected bank, represented by the points C, D, and E by means
of a voltmeter as shown in Fig. 778. When two points such as

F16. 777.—Paralleling three newly-installed single-phase transformers
with three others already connected on three-phase system.

1 and C are connected °
which no potential differe
as 2 and D, may be conn

Another method of phe
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individually to be connected in A and in parallel with a composite
three-phase transformer already in line is shown in Fig. 779. D
is the composite transformer and A, B and C are the single-
phase transformers.

Connect the high-tension terminals in A. This requires no

C

QO

Fi1G. 778.

testing whatever. They are simply connected in a closed loop.
Next connect this A to the high-tension source.

Taking the terminals to tramsformer A, numbered 4 and 5,
these should now be tested against the various terminals 1, 2

l

' — |
.S .} '3 o o
o 9 o oo 2o o o
1 2 4 5 6 7 8 9
Fi1G. 779.

and 3 of D, as in Fig. 780, with a voltmeter having a range of twice
the voltage of one phase. If 4-5 has the same direction as 1-2,
then 2 and 5 being connected, when the voltmeter bridges

1150

3 4
FiG. 780. Fic. 781.

the gap between 1 and 4, no difference of potential will be indi-
cated. This shows that transformer A is the right phase and is
matched in the right direction with the proper phase of trans-
former D. If, however, the terminals of A were reversed, giving
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the direction 4-5, Fig. 781, the circuit, being completed through
1-2-4-5, would throw the e.m.fs. of these two phases in series.
If the voltage of each side of the A were 575, the voltmeter would
now read 1,150 volts. This is an indication that A is the

1 9
575

2 3 8

Fic. 782.

proper phase but connected in the wrong direction with phase
1-2 of D.

Instead of the terminals of transformer A, those of C numbered
8 and 9 might have been the first one to be tested across one
leg of the composite A, 1-2, Fig. 782. If the circuit is completed
through 1-2, 8-9 and the voltmeter, the phase relation of 8-9
to 1-2 will be as in the vector diagram, Fig. 783. These two
voltages 60° apart give the e.m.f. 8-2, or 575 volts. This is the
same as the e.m.f. of one phase. This indicates that the wrong
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phase is now matched across 1-2. Should the connections of C
have been reversed, the direction of the voltage would be 8-9,
Fig. 784. When the circuit is now completed through 1-2, 9-8,
the voltage, being in the same direction in these two windings,
would give the vector Fig. 785, and the voltmeter would read
995 volts.

Should the transformer, B, be matched against the side 1-2
of D, as in Fig. 786, when the circuit is completed through 1-2, 7-6,

~N7
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the vector, Fig. 787, would be obtained. The geometric sum of
these voltages, 1-2 and 6-7, is the voltage of one phase, 575
volts. This again indicates that transformer B is the wrong
phase to parallel with 1-2 of D. Should the connections of B to
D be reversed, the e.m.f. of 6-7 with respect to 1-2 would be
shown in Fig. 788. The geometric summation of these voltages

1 \J
575

3
Fic. 786. Fic. 7817.

is shown in vector, Fig. 789. This would be 995 volts. This,
again, is the wrong phase and with connections reversed com-
pared with the preceding case.

With a phase voltage of 575, it is thus evident that when
one of the single transformers having the right phase relation
is matched against the corresponding phase of the composite
transformer, the voltmeter indications will be either zero,
which is right, or twice the phase voltage, which is wrong.

1
995
2 3 7 6
L _ J
FiG. 788. Fic. 789.

Each of the other two single-phase transformers, when matched
against a single phase of D, will give one of two voltages accord-
ing to the particular direction of this e.m.f., either 575 or 995.
Both of these readings indicate the wrong phase, the 575 indica-
tions being obtained with the wrong phase in one direction,
and the 995 indication with the wrong phase reversed. Each
phase should be tested until it is matched against the correct
phase of the composite transformer and a zero indication of
voltages obtained as in Fig. 780.

When it is desired to parallel two alternators of the same
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voltage in a generating station, the original test to determine
the correct phase rotat‘on can be very simply made by the aid of
an induction motor. Assume that the alternator A, Fig. 790, is
already connected to the bus bars D, and the alternator B is
to be tested out to ascertain with which of the bus bars the

1 G

F16. 790.—Induction motor test to determine direction of phase
rotation.
.wires 1’-2’-3’ should be connected. The induction motor IM is
first connected across the alternator A as shown. The direction
of rotation is noted. The wires E-F-G are now disconnected
and swung down to the terminals 1°-2°-3’. If the induction motor
rotates in the same direction, as before, then 1’ may be connected
tobus 1, 2’tobus 2 and 3’ to bus 3. If, however, the motor should

VAWAN

FiG. 791.

run in the reverse direction, it would indicate a reversal of phase
rotation in B compared with 4. To correct this reversal any two
of the wires 1'-2’-3’ should be interchanged or cross-connected
with respect to the bus bars 1-2-3.  Thereafter, when the alter-
nators are properly synchronized, they may be operated in
parallel.
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If the sources are entirely independent as in the case of the
two alternators, it is not absolutely necessary to have wire 1
connected to 1’, wire 2 to 2’ and wire 3 to 3, as in Fig. 791,
as no harm will result from advancing these connections—thus
17to2,2'to 3,3 to 1.

If, however, these two A’'s were derived from the secondary
sides of two banks of transformers whose high-tension sides
were already connected in parallel, as in Fig. 792, this advance of
connections above suggested could not be made, as it would
result in a short circuit on the high-tension side. Thus, in Fig.
792, 1’ has been advanced to 2,2’ to 3 and 3'to 1. Notwith-

Fi6. 792,

standing that the direction of phase rotation is the same in these
two A's, this connection is handed back through the transformers
to the high-tension windings and in effect connects 1’ to 2 on the
high-tension side. This means that the high-tension winding
which leads to bus 1’ is connected to the high-tension bus 2", and
therefore constitutes a short circuit on the high-tension mains.
Thus the induction motor would be useless in such a case, for
it is not sufficient to know the direction of phase rotation alone,
but each phase of the low-tension A must be matched against
the corresponding phase in the A of the other transformer.
Transformers which are connected in Y on the high tension
and in Y on the low tension may be placed in parallel with
ige which are connected
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in A on the high-tension side and A on the low-tension as in
Fig. 793.

Mixed connections of A to Y, however, could not be paralleled
with either Y to Y or A to A, as illustrated in Fig. 794. Here

A A

FiG. 793.

4

transformer No. 2 is connected in A to A. Transformer No. 1
is connected Y to A.. Now phase 3 of the low-tension A of
transformer No. 1 is in phase with phase A of the high-tension
side. Phase 1 is in phase with B. Phase 2 is in phase with C.

The effect in
A through an
former No. 2
low tension o
them from b
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SECTION XV . CHAPTER VIII
TRANSFORMERS
“PHASING OUT” OF TRANSFORMERS

1. If two single-phase transformers were in parallel on the high
tension side, how would you test out the low tension side to place them
in parallel also, and be sure that they were not in series?

2. If you had two three-phase sources of equal potential, which you
wished to place in parallel, how would you determine whether or not
the direction of phase rotation were the same?

3. In the above case, could you place the two systems in parallel, if
the direction of phase rotation were not the same?

4. If the direction of phase rotation in the above case for the two
sources were not the same, how would you make it the same?

5. How would you test out a bank of three single-phase transformers
so that they may, with absolute certainty, be correctly connected in
parallel with a three-phase composite transformer of equal voltage?

6. What would be the effect of advancing the points of contact in the
same phase direction between the secondary A and one set of trans-
formers and the A of another set, the primaries already being in -
parallel ?

7.Can a A to A bank of transformers be paralleled with a Y to A
bank delivering the same voltage? Why?



SECTION XV ~ CHAPTER IX
TRANSFORMERS
INSTRUMENT TRANSFORMERS

It is not practical to use a coil-wound voltmeter with resistance
in series on high voltage A. C. circuits, because of the excessive
insulation which would be required and on account of the large
amount of resistance necessary in circuit with high voltages and
the very considerable energy wasted therein.

It is also not practical to use a shunt strap and a milivoltmeter to
measure the current on an A. C. circuit, because the impedance
of a shunt strap varies with the frequency of the current passing
through it. Its resistance may be fixed by using a zero tempera-
ture coefficient resistor, but its reactance will always vary with
the frequency of supply. Consequently the total impedance will
vary. Thus if a milivoltmeter connected in shunt with such a
strap indicated 10 amperes with a current of given frequency,
should the frequency change, the instrument would alter its in-
dication even though the current were the same.

Indications of both voltage and current on such lines are
obtained through the medium of instrument transformers.
There are two reasons for their use:

First: Station operators are protected from contact with high-
voltage circuits.

Second: The instruments may be constructed with a reason-
able amount of insulation and a reasonable current-carrying
capacity.

The function of instrument transformers is to deliver to
the instrument a current and a voltage which shall always be
proportional to the primary current and voltage and which shall
not exceed a safe potential above ground. The secondary volt-
age of a potential transformer is designed for about 110 volts, and
the secondary current of a series transformer is designed for
about 5 amperes. Both of these secondary circuits and the
cases of the meters are thoroughly grounded.

The first difference to be noted between current and potential
transformers is that the primary of the former is in series with
the line and the primary of the latter is in shunt with the line.

96
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The primary current, then, in a series transformer is a quantity
determined by the load in the main circuit, the primary e.m.f.
being merely the drop in potential across the transformer due
to its impedance.

In the potential transformer the primary e.m.f. is that of
the main circuit. Fig. 795 shows the connections of instrument
transformers and instruments in circuit. Here an alternator
supplies a lighting load connected through a power transformer
at L. The potential transformer P causes the voltmeter V to
indicate the pressure of the line, and the current transformer C
indicates, on the ammeter A, the current in the main line.
The current in the series transformer C is determined solely by
the line current. The pressure on the transformer P is deter-

h!?_?
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F16. 795.—Connections of instrument transformers.
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mined solely by the line potential. Thus the secondaries of
these two instruments will give indications on A and V which
show line current and line voltage respectively.

Series Transformers

Consider the action of a series transformer with its primary in
series with the line and its secondary on open circuit. The
primary current, which is the line current, will set up a magnetic
field which by self-induction will cause a certain drop across the
primary winding. The flux which circulates will also cut the
secondary and generate therein an e.m.f. the value of which will
equal the voltage drop across the primary multiplied by the
ratio of secondary to primary turns, the same as in a shunt
transformer. When the secondary is open, all the primary
current is effective in producing flux—that is, there is no opposing
magneto-motive-force as when there is a secondary current.
Therefore the iron of the core becomes highly saturated, and the
secondary e.m.f. is high. In a certain case, where a transformer
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had a ratio of 10 amperes to one-half ampere, the secondary
e.m.f. rose to 4,000 volts.

The secondary of a series transformer should never have its
winding open circuited while there is current in the primary, for
two reasons.

First: A dangerously high voltage may be established which
might cause injury, even if it did not 'prove fatal, should any
one come in contact with it.

Second: The high flux resulting from the open circuiting of
the secondary would saturate the iron to such a degree as to
seriously impair the ratio of the transformer.

Consider the secondary circuit of a series transformer closed
through a resistance. The secondary current and magneto-
motive-force oppose and reduce the flux and therefore reduce
the secondary e.m.f. When the secondary circuit is first closed,
the secondary e.m.f. may be 4,000 volts and the current in the
secondary circuit zero. The high voltage in the low resistance
of the closed circuit immediately commences to produce a
current. This current rises and with it the magneto-motive-
force of the secondary, which in turn reacts on the flux. As the
flux falls the secondary voltage falls. The secondary current
continues to increase and the secondary e.m.f. continues to
decrease until equilibrium is reached at some particular point
where the secondary e.m.f. is just high enough to maintain the
secondary current. This adjustment between secondary current
and e.m.f. takes place practically instantaneously. The resist-
ance in the secondary circuit is usually low. Therefore the
secondary e.m.f. in this closed circuit is low and the flux required
to produce it is small.

If no magnetizing current were required, the secondary am-
pere-turns would exactly balance the primary ampere-turns, and
. the ratio of transformation as regards the primary amperes to
secondary amperes would be the inverse of the ratio of the num-
ber of turns. To cause the current to have this ratio as nearly
as possible the iron is worked at a very low flux density so that
very little magneto-motive-force is required. The flux density
in a series transformer is only about one-tenth of that employed
in regular power transformers. An ordinary shunt or power
transformer would therefore not be suitable to use as a current
transformer even if it had the proper ratio. :
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As the load current increases, the current in the primary
of the series transformer also increases. This increases the
primary ampere-turns. This will immediately establish a greater
difference between the primary ampere-turns and the secondary
ampere-turns, which will cause an increase in the flux. This
increases the induced secondary e.m.f., which in turn will raise
the secondary current. As the secondary current increases it
reacts on the magnetic circuit to reduce the flux. A P
stable condition will be reached when the primary
current is just able to circulate the slightly increased
flux. The ratio between the primary and secondary
currents will remain practically the same as before the
load current increased, because of the negligibly small
additional magneto-motive-force required. There is,
of course, a slightly greater resultant magneto-motive-
force required when the primary current increases on
account of the greater secondary e.m.f. required by
the greater secondary current.

A change in resistance of the secondary circuit is M
the cause of a similar change in conditions. When
the secondary resistance is increased the secondary
current momentarily decreases and the flux increases.
Then the secondary e.m.f. increases, and likewise
the secondary current. When equilibrium is finally
reached there is a greater secondary e.m.f. and a very
slightly less secondary current. Thus two ammeters
may be put in series on the secondary of a series
transformer, and the indications of each would be
practically the same as though but one were connected
in circuit, for an increase in secondary resistance does
not by any means bring about a proportionate decrease
in secondary current, as would be the case with a shunt
transformer: It merely means that the secondary current will
decrease by the amount necessary to permit a sufficient increase
in the flux and therefore in the secondary e.m.f. to circulate the
current through the increased resistance.

The fact that the current ratio is not appreciably affected
by the changes within certain limits of the secondary resistance
and primary current is due to two reasons.

S
FiG. 796.
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First: The magnetization is very small.

Second: The magnetizing current is not in phase with either
the primary current or the secondary current, but is out of
phase with each by nearly 90°. Thus in Fig. 796, O-M repre-

F16. 797.—Actual appearance of General Electric current transformer.

sents the magnetizing current, O-P the primary current and
O-S the secondary current.

Fig. 797 shows the general appearance of a General Electric
current transformer insulated for a 15,000-volt circuit and
having a capacity of 100 amperes in primary and 20 amperes in

Fi1G6. 798.—Theoretical arrangemer *
transformer.

secondary. Current transformers of la
often have a very different appearanc
may consist of nothing but one of the r
such as B, Fig. 793, passing through a
which surrounds it. Wound on this ring
S, which lead to the ammeter A. The
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consists of a straight conductor really not more than one-fourth
of a turn but, if carrying 100 amperes, having the effect of
approximately 25 ampere-turns.

Potential Transformers

Fig. 799 shows the general appearance of a General Electric
potential transformer for operating instruments and relays.

Fi1G. 799.—Actual appearance of Gencral Electric potential
transformer for operation of voltmeters and relays.

The primary is wound for 13,200 volts, and the instrument side
for 110 volts.

The protecting fuses and barrier between the high potential
terminals are shown at the top.

Connection of Instrument Transformers

There are five principal methods of grouping the secondaries
of series transformers on three-phase circuits for operating the
various instruments and protective devices.
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First: The reversed V. This connection is illustrated in Fig.
800 and is the one commonly used for the operation of indicating
meters.

Second: The open A or V. This connection is shown in Fig.

o

Fic. 800.—Reversed V connections of
instrument transformers.

A

Fic. 801.—Open-A or V con- Fic. 802. —Z connection
nection of instrument transformers. of instrument transformers.
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801 and is the most suitable for operation of voltage compensators
and voltage regulators.
Third: The A connection.
Fourth: The Z connection. This connection is the same as
the A except that one of the secondaries is reversed with respect
r two as in Fig. 802. The Z connection is the one
order to obtain the best protection for three-phase
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circuits with overload relays. The connections are shown in
Fig. 803.

Fifth: The Y connection, shown in Fig. 804.

Fig. 805 shows the various instruments which may be operated
from current and potential transformers on a three-phase system.
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Fi1G. 803.—Theoretical circuits of three transformers
connected in Z.

While not representing the arrangement followed in actual
practice, it gives a general idea of the positions of the instru-
ments and transformers necessary to operate them. A three-
phase circuit with lines 1, 2 and 3 supply power to a load situated
at A-B-C. Two potential transformers D and E with their

AMMETERS
A 1 A ’ C C C
» T ]
L

#

FiG. 804.—Y connection of current transformers.

primaries connected, one across each of two phases, supply
the potential circuits of the indicating wattmeter W, the re-
cording wattmeter WH, the two potential circuits of the power
factor meter PF, and the voltmeter V.

The two current transformers G- H have their primaries in two
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of the three phases while their secondaries are connected in
reversed V, supplying three ammeters, A, A’ and A", the
current circuits for two phases in the indicating and recording
wattmeters W and W H, the R, R’, energizing coils responsive
to the line current in the relays R, R’, the current coils of power




Transformers 105

factor meter PF, and the series coils of the compensating device
C which lowers the indications of the voltmeter V in proportion
to the load on the line, thus enabling the voltmeter to show
the voltage at the load instead of the voltage at the station.
The current in the ammeter A’ is the geometric sum of the
currents in the meters A and A’ and consequently indicates the
current in the line wire 2, provided, of course, the load is bal-
anced. This line 2, however, does not pass through any trans-
former. Ordinarily the two series transformers G- H would not
be sufficient to operate accurately so many series instruments.
Another pair of series transformers would probably be required,
their primaries would be connected in series with the lines 1-3
and the meters divided hetween the secondaries of the two sets
of transformers.

SECTION XV CHAPTER IX
TRANSFORMERS
INSTRUMENT TRANSFORMERS

1. What is meant by the term “Instrument Transformer?” For what
and why are they used?

2. () Can a power. transformer be used for voltmeter work?

(b) Wherein do potential transformers differ from them?

3. (a) Explain briefly the construction and operation of a current
transformer.

(b) Why should the secondary winding never be open-circuited?

4. Sketch line connections for the following arrangements of instru-
ment transformers: Reversed V; Open A; and Z. For what class of
work is each best adapted?

5. What is the effect of resistance in the secondary circuit of a current
transformer upon the current ratio and the phase relation of current
and potential? Why is this so?

6. What is the effect upon the ratio of currents and phase relation
of current and voltage in a current transformer, if reactance be added
to the secondary circuit? Why is this so?



SECTION XVI ' CHAPTER 1
A. C. MOTORS
SYNCHRONOUS MOTORS

Broadly there are two classes of alternating-current motors;
the synchronous and the non-synchronous groups. The first
includes motors running the same number of revolutions as the
alternator supplying them, or, more accurately, at the same
speed pole for pole. The other group includes a variety of
alternating-current motors such as the induction motors and
other types, most of which run at something less than syn-

Fi1G. 805-A.—Westinghouse, 450 horse power, synchronous motor, 2,300-
volts, 105 r.p.m., 1009, power factor, driving Southwark pump.
chronous speed, while a few occasionally run at or slightly above
synchronism.

The synchronous motor is a duplicate of the synchronous
generator. It usually consists of a revolving field structure
and a stationary armature with a «
supplied with direct current throuy
from a separate direct-current excitet

106
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An illustration of the practical application of the synchronous
motor is given in Fig. 805-A which shows a Westinghouse 450-
horse power, 2,300-volt, three-phase, 60-cycle, machine of this
type, operating at 1009, power factor, driving a Southwark pump
105 r.p.m. in the city of Portland, Oregon.

The armature of a direct-current motor revolves through the
reaction between the current in a moving wire and a station-
ary magnetic field. In the generator the inherently alternating
current is led through a commutator to the external circuit,
thence through a transmission line to the commutator of a direct
current motor. In the motor
this current again alternates.
As these alternations are similar
the question naturally arises:
Why have a commutator on
the motor to undo the work of
the commutator on the genera-
tor? As the current is to alter-
nate in both machines, why can
it not be permitted to alternate
in the line? The answer may
very readily be found. The cur-
rent in the generator alternates
with a frequency determined by
the' spee@ of the prime mover - y
which drives it. The cutrent in
the motor alternates with a fre-
quency depending upon the mo- FiG. 806,-—-Pritr1§(i)rt)(l;of synchronous
tor’'s speed. The greater the '
load the slower the motor will run and the slower the frequency
of the current in this armature.

In order that both the commutators may be abolished, it will
be necessary for the armature of the motor to run in exact
synchronism with the armature of the generator so that the
arrival of the current in the motor’s armature will be properly
timed to suit the particular position of the armature poles at a
given instant with respect to the ficld poles. Any variation in

uld therefore
t down.
'red through
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the lead wires to the stationary armature of a synchronous motor
so that at a given instant the polarity produced by the initial
current will be N-S as shown. Consider a permanent magnet
pivoted between these poles in the position shown in fullin N’-S’.
The polarity established by the alternating current would repel
the two poles of this field magnet, but they would simply exert
a direct repulsion which, with respect to the pivoted point, would
admit of no motion. Even should the magnet be turned into
the position N”-S”, the situation would not be improved, for
the poles N-S would first repel the poles- N"”-S”, and with a 60-
cycle circuit, {29 of a second later, the main poles N-S would
change to S-N. These would attract the poles N"”-S5” so that

AAAAAAAA~
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Fi1G6. 807.—General scheme of alternator and synchronous motor with
- separate exciters.

every {90 of a second there would be first a repulsion and then
an attraction between a given armature pole and a certain field
pole and the inertia of the revolving mass would prevent the
field structure from moving at all. If, however, the frequency
of the source of supply were reduced or if the revolving member
were given an initial impulse so as to rotate it to the position
shown in full in the figure, reaching this position at the exact
instant when the polarity of the armature was rising, the mo-
mentum of the field member would carry it past dead center and
repulsion would ensue between N and N’, and S and S’, and the
field structure would continue to revolve in the direction of the
arrow. If the initial impulse wer
a half-revolution during one alte
reached the armature pole S and
armature pole N, just as the arma
then each pole of the field would
repulsion from one armature pole .
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armature pole, and the rotation would continue in the direction
in which the rotor was originally started. This rotation could
only be kept up provided the field structure performed a half-
revolution for every alternation of the armature current.

Fig. 807 shows the complete circuits for an alternator and
synchronous motor. Each machine is provided with its own
exciter, and the revolving fields receive direct current through

k-
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Fic. 808.—Relation of e.m.fs. in a direct current motor.

slip rings and brushes. The current emanating from the alter-
nator, A, passes through the connecting line to the stationary
armature of the motor. At a given instant the polarity of the
motor armature is N-S as shown, while the polarity of the field
ijs S-N. The inertia of the motor’s field structure is too great to
allow it to move but, if once started and brought up to synchro-

C
X
A i B
Fi6. 809.—Relation of e.m.fs. in alternating current synchronous
motor.

nous speed, it will continue to run in the direction in which it
is started. Such a motor runs equally well in either direction.
If a synchronous motor must run at absolutely the same speed
pole for pole as the generator which supplies it, the question
naturally arises: How can it get the necessary current under
changes in load, if its speed, and therefore the magnitude of its
counter e.m.f., cannot alter?
The relation of the various voltages to one another in a direct-
current motor are shown in Fig. 808, where A-B is the impressed
ctive e.m.f.
voltages is
:ssed e.m f.,
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but the counter e.m.f. B-C is not diametrically opposed to the

impressed but varies therefrom by a certain angle X depending

on the load. The effective e.m.f. as before is A-C, but in this

case it is the geometric difference between the counter and

impressed e.m.f. instead of the arithmetical difference as in a

direct-current motor.

The effect of varying loads in a synchronous motor may be
understood from an analysis of Fig. 810. This analysis will be

FI1G. 810.—Change in phase angle of counter e.m.f. in synchronous
motor under variations in load.

based on the assumption that the armature reaction and react-
ance may be considered as equivalent to a constant armature
reactance. Suppose the armature of the motor in Fig. 807 pos-
sesses 5 ohms resistance and 10 ohms synchronous reactance.
The impedance will obviously be

Z = VR* + X* = V5 + 10 = 11.18 ohms,

Fig.811. The angle @ will be the angle between the current which

will be in phase with the energy component of A-B and the

effective e.m.f., A-C, which overcomes the armature impedance.
Now let A-B, Fig. 810, represent 1,000 volts impressed on the

armature, while B-C represents 800 volts counter e.m.f. This

counter e.m.f. bears the phase relation of B-C with respect to

A-B, because under the particular 1

operating the armature must sag b

angle of the counter e.m.f. from direc

B-C. This angle X may be calle

effective e.m.f. will therefore be A-C,
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this particular case. The current which the armature will receive
will be

E_,_ 3%

Z 11.18
This current will have the direction A-I displaced from A-C
through the angle 6, established by the impedance of the arma-
ture. The input to the armature will be E X I X cos ®, where
E is the impressed voltage, I the armature current, and & the
angle between them. The power utilized by the armature which
measures the output will be E’ X I X cos
&’ where E’ is the counter e.m.f. and ¢’ ¢
is the angle between the counter e.m.f. and
the current.

Now consider what happens when the
load upon the motor is increased. The first
effect is for the rotor to react, thus sagging
back through a greater angle Y. The -
counter e.m.f. swings to the position B-D.

It has not altered in magnitude, but it is
changed in phase angle, resulting in increas-
ing the effective e.m f. from A-C to A-D,

= 26.8 amperes.

X=10

which now becomes about 425 volts. As B
Fic. 811.—Imped-
E =] = _4&5_ = 40.25 ance triangle for mlt))tor

Z - 11.18 -£9 amperes armature.

and the phase angle of the current swings from A-I to A-I’, still
preserving the same angle 6 between the effective e.m.f. and the
current. An increase in the load thus results in an improved
power factor, for the angle B-A-I’ is less than B-A-I. If the
load increased still further, the angle B-A-I would evidently
grow less and less until A-D-B became a right angle. In the
case shown, the angle at that time between the impressed e.m.f.
and the current would be very small and the power factor almost
1009%,. For a given excitation there will then be a particular
load at which the power factor is a maximum.

It has been assumed that the impedance of the armature would
be the same under all conditions. As a matter of fact it changes
slightly.

ccitation of the motor
urrent motor was the
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product of its flux, speed and conductors: The same is equally
true for a synchronous motor. In a shunt motor the speed
varied under changes in load, while the flux and conductors
remained constant. In the synchronous motor the speed can-
not change. The number of conductors remains constant, but
the flux may be varied by inserting resistance between the
exciter and the motor’s field. In a direct-current motor the
counter e.m.f. cannot exceed the impressed. In a synchronous
motor the impressed e.m.f. reaches zero 120 times a second with a
60-cycle supply, and there is nothing to hinder the counter e.m.f.
at such a time greatly exceeding the impressed. As the conduc-
tors and speed are constant, the counter e.m.f. may be governed
solely by the extent of the field excitation. Take the same
example; O-B, Fig. 812, represents 1,000 volts impressed on the

FiG. 812.—Effect of various field excitations upon the power factor of
syvnchronous motor.
motor armature as before, but let the fieicld extation be lowered
to produce B-C or about 500 volts counter e.m.f. instead of 800.
The effective e.m.f. will now be O-C or about 528 volts while
the current will be

E §28
?—I=lm—47amper&.

This current will have the direction O-I and the angle of lag &
between the impressed e.m.f., and the current will be much
ran before. Thus a lowering of the field excitation is
ried by an increase in the armature’s ampere intake
-ering of the power factor.
t the field excitation be greatly increased until it equals
1,100 volts. The effective e.m.f. will now be O-E and
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the current will swing around into the position O-I", always
bearing the same angular relation 8 to the effective e.m.f. Now,
instead of an angle of lag, &, there will be an angle of lead, &',
and the current will be approximately 25 amperes. If with
under excitation the current lags and with over excitation the
current leads, it must be evident that with some particular
excitation such as B-D corresponding to about 910 volts, the
effective e.m.f. being O-D, the current O-I"” would swing back
into the position O-I’, where it would be exactly in phase with
the impressed e.m.f. O-B, thus giving a power factor of 100%.
It must be understood that this variation of field excitation has
been brought about by manipulation of the field rheostat and
without any change in load whatever. The current intake for a
given load with either overexcitation or underexcitation would
be greater than when the current was in phase with the impressed .
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Fic. 813.

e.m.f.; thus the rheostat could be varied until for a given load
the current intake was a minimum. This would then indicate
a power factor of 1009,.

It should be understood, however, that the field flux in a
synchronous motor does not vary through as wide a range as
might be assumed from the vector diagrams. Any change in the
field current tending to raise or lower the actual flux across the
windings is accompanied by a change in the value and phase
relation of the current in the armature, which tends, through
armature reaction, to maintain the field flux constant. Unfor-
tunately it is not possible to treat of these two conditions simul-
taneously with a single vector, it being necessary to consider the
motor either as having no armature reaction or as having no
armature reactance. As similar conclusions are reached in either
case, this fact is no objection to the treatment of the subject.

A synchronous motor will take more current to deliver a
given amount of power at its pulley with its field overexcited or
underexcited than it will when its field is excited to the proper
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amount to bring the line current and e.m.f. into phase with each
other. Thus if a certain motor required 100 amperes at 1009,
power factor to deliver 100 horse power, by weakening the field
excitation a certain amount or strengthening the field by a certain
amount the motor could be made to absorb 125 amperes instead
of 100 while delivering the same power at its pulley.

If a synchronous motor is to be used in its capacity as a
condenser for improving the power factor, the armature must
be capable of carrying the extra current above referred to, or
the load upon its pulley must be reduced. In other words, there
must be a certain margin between the real energy and the appar-

-&zcgific
RO
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FiG. 814.

ent energy in the design of the machine, and this margin repre-
sents the available wattless component of leading current which
may be obtained for rieutralizing a corresponding component of
lagging current in the system. Let a generating plant P, Fig.
813, supply power over a transmission line to an induction motor
load L, of 71 horse power. Let this motor require 100 amperes
at 719, lagging power factor. At a nearby point is a synchronous
motor load S, consisting of a 100 horse power machine which by
means of an over excited field is made to absorb 100 amperes and
deliver 71 apparent horse power wattless leading current and
at the same time 71 horse power energy from its pulley. The
wattless leading current of S will neutralize the wattless lagging
current of L so that, instead of the transmission line being
obliged to carry 200 amperes, it only carries 141 amperes, and the
wattless lagging current of L and the wattless leading current
of S oscillate between these two motors, while the transmission
line carries no wattless current at all. Thus, if in Fig. 814 the
load at L of a given horse power had a 719, power factor lagging,
then an equal load at S involving a 719, power factor leading
current would produce a 1009, power factor in the transmission
line.

The most advantageous way to use a synchronous motor is in
its combined capacity as a source of mechanical energy at its
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pulley and leading current to the line. Thus, if a machine has
a total apparent capacity of 100 kilowatts, Fig. 815, it can deliver
71 kilowatts of real enetgy at its pulley and at the same time

71 K.W. ENERGY

71 K.W. WATTLESS LEADING

Fi1G. 815.

deliver 71 kilowatts of wattless leading current to the line
which will neutralize 71 kilowatts of wattless lagging current
anywhere else in the system. The motor would then operate at

Energy kilowatts _ 71
Apparent kilowatts 100

= 719, power factor, leading.

Consider an induction motor load in a system requiring 1,414
apparent kilowatts, B-C, Fig. 816, of which 1,000 kilowatts
is real energy, the power factor being

Energy kilowatts _ 1000
Apparent kilowatts 1414

= 719, lagging.

Now let synchronous apparatus be added capable of furnishing
500 kilowatts wattless leading current. This would be reckoned
downward from C to D and reduce the apparent input for the
combined loads from B-C to B-D, or 1,120 apparent kilowatts.
The saving affected would thus be 1,414 — 1,120 = 294 apparent
kilowatts. The power factor would be raised thus:

Energy kilowatts _ 1000 _ 899
Apparent kilowatts = 1120 o
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Now let more synchronous apparatus be added to the system
capable of supplying 500 additional kilowatts wattless leading
current. This would be reckoned downward from D to A and
would reduce the apparent energy from B-D to B-A, the appar-
ent kilowatts now being the same as the real energy. The saving
effected by the addition of the second 500 kilowatts leading
current is 1,120 — 1,000 = 120, and the power factor would be
raised to 1009%,.

The introduction of the first S00 kilowatts of leading current
to the system effected a saving of 294 apparent kilowatts, while
the introduction of the second 500 kilowatts wattless leading

(o
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current to the system effected a saving of only 120 apparent
kilowatts. The conclusion would naturally be that the rotary
condenser saves a larger amount of apparent kilowatts at low-
power factor than it does at high-power factor. Thus the poorer
the power factor to begin with the more advantage would be
derived from the introduction of the rotary condenser.

In using a synchronous machine as a condenser, the field
current must be increased to produce a leading current in the
line. The machine must thus be designed to carry this additional
field current without overheating the winding and usually in-
volves a special design if the machine is to be worked to its full
capacity as a condenser. Thus the limit to the use of an alter-
nator as a synchronous condenser is often reached by the tem-
perature of the field, especially if it is carrying a load on the
pulley also.
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Fig. 817 represents a 250-horse power, 2,200-volt synchronous
motor manufactured by the General Electric Company. Note
the slip rings for supplying direct current for exciting the revolv-
ing field; also the field coils and poles of this structure, and the
overhanging protection for the stationary armature.

Fi1G. 817.—250 horse power 2,200-volt synchronous motor
manufactured by The General Electric Company.
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SECTION XVI CHAPTER I
ALTERNATING-CURRENT MOTORS
SYNCHRONOUS MOTORS

1. Give a diagrammatical sketch of a synchronous motor. Explain its
comstruction and principle of operation.

2. What are the various methods of starting a synchronous motor?

3. How does a synchronous motor get the necessary current under
variations in load if its speed does not alter?

4. For a given load, what is the effect upon the line current both as to
amount and phase relation with respect to the impressed e.m.f. when the
field excitation of a synchronous motor is altered?

5. What is the effect of a synchronous motor load operating with over-
excited field upon the power factor of a system already carrying an
induction motor load?

6. Does the addition of a given amount of synchronous motor load
prove most uscful upon systems having a very bad or a moderately good
power factor? Explain fully why.



SECTION XVI CHAPTER 1I
A. C. MOTORS

THE ROTARY MAGNETIC FIELD OF FORCE

The rotary magnetic field of force exists in both synchronous
and induction polyphase motors. The discovery of the prin-
ciples of this rotary field and the design of the first motor em-
bodying it are attributed to Nikola Tesla.

To produce a rotary field of force it is necessary to have two
or more alternating currents differing in their phase relation
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by some fixed angle. These currents cooperate to produce a
resultant magnetic field which may be rotated in either direction

77
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Fic. 820.—Illustrating the cooperation of two alternating currents differing in phase relation by 90° to produce
a rotating field of force.

desired and with a speed de-
pending upon the frequency
of supply.

Consider an alternator, Fig.
818, with a stationary field
N-S and a revolving armature
A, having two coils, 1 and 2,
placed mechanically 90° apart.

These two coils terminate
upon four slip rings, Fig. 819,
the coil 1 connecting to
brushes 1-1, and coil 2 to
brushes 2-2. The currents
from these two coils will ob-
vipusly be 90° apart in phase
because of the fixed angular
relation between the coils.
The two currents are led over
separate circuits to a motor
M, having four stationary
coils. The horizontal coils
2-2 are supplied from phase 2
of the alternator and the ver-
tical coils 1-1 from phase 1.
The two curves 1 and 2, Fig.
820, show the instantaneous
values of the currents in the
two phases of the alternator
armature. In the position
shown for the armature in Fig.
818 coil 1 is cutting lines of
force at a maximum rate and
therefore generating a max-
imum e.m.f. supplying a max-
imum current to coils 1-1 in
the motor. This current is
pictured at point 1’, Fig. 820,
while coil 2, whose conductors
are” parallel to the flux and
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therefore generating no current, is. shown at point 2, Fig.
820. As the coils 1-1 of the motor are energized, a magnetic
flux will be produced vertically between these poles, while the
horizontal poles carrying no current will be dead. A permanent
magnet or piece of soft iron placed in this field will assume a
vertical position parallel to the lines of force. If the armature be
advanced one-eighth of a revolution, the current in coil 1 of the
alternator will fall and the current in coil 2 will rise. This will
energize coils 1-1 in the motor to a lesser degree and coils 2-2 to
an equal degree. This is shown at point A, Fig. 820, and the
resultant magnetic field due to the four coils of the motor will be

Fi16. 821.—Illustration of connections from a two-
phase source to a Gramme-ring winding to produce
a rotating field of force.

advanced one-eighth of a revolution as in position 2’. The
permanent magnet will then advance one-eighth of a revolution
to place itself parallel to the field in its new position. If the
armature of the alternator is successively advanced one-eighth
of a revolution, the positions 3’-4’-5'-6’-7’-8’ and 1’ will be taken
by the magnetic field, and the permanent magnetic needle will
move with it. Thus the rotation of the armature of the alter-
nator sets up two alternating currents which cooperate with
each other through two sets of magnetic poles, producing an
invisible magnetic field in the space between these poles which
rotates in synchronism with the alternator armature itself.
A simple apparatus to demonstrate this action may be constructed
as in Fig. 821, where a Gramme-ring winding on a laminated
core tapped at two diametrically opposite points by one phase
and two other diametrically opposite points 90° away therefrom
by the other phase, can be made to develop a rotating field of
force when supplied with currents from a two-phase alternator.
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Any mass of soft iron susceptible to magnetic induction placed
within this field will be caused to rotate.

Three alternating currents differing in phase by 120°, as in Fig.
822, may likewise be made to cooperate to produce the rotating

A

|
|

Fi1G. 822.—Illustration of connections from a
three-phase source to a Gramme-ring winding to
produce a rotating field of force.

field of force by connecting them to three points in such a
winding 120° apart. While Gramme-ring windings are never
used in actual motors, the simple connections illustrated show
how readily the rotary magnetic field of force may be produced.

SECTION XVI CHAPTER 1I
ALTERNATING-CURRENT MOTORS
THE ROTARY MAGNETIC FIELD OF FORCE

1. Explain how two alternating currents differing in phase relation
by 90 degrees can combine to produce a rotary magnetic field of force.




SECTION XVI CHAPTER III
A. C. MOTORS
PRINCIPLES OF INDUCTION MOTORS
Polyphase Induction Motors

The rotary magnetic field of force is employed in both poly-
phase synchronous motors and polyphase induction motors.
The polyphase synchronous motor with its field structure excited
by direct current would not start, but if brought up to approxi-
mately synchronous speed before the exciting current was thrown
on, it would run in the same direction as, and in synchronism
with, the rotating field. The synchronous motor may be made

Fic. 823.—' Cage winding'’ imbedded in the pole pieces of the revolving field
structure of a 75-K.W. Westinghouse synchronous motor.

self-starting.by employing the induction-motor principle. Thus
suppose that the poles of the field structure were subjected to the
rotating magnetic field of force. As this field of force sweeps
past them, eddy currents would be induced in these poles and,
provided there was no direct current in the winding to establish
fixed poles, the reaction of these eddy currents on the revolving
field would cause the field structure to be dragged around after
the rotating field of force. The torque, however, would be feeble.
123
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It could be materially increased by providing the field poles
with a short-circuited winding of low resistance similar to that
of an induction motor. Such a winding, embedded in the pole
faces of the revolving field structure of a 75-K.W. West-
inghouse synchronous motor, is pictured in Fig. 823. The
reaction of the induced currents in this system of conductors
produces a satisfactory starting torque. When the revolving
member has attained full speed the direct exciting current is
admitted to the proper winding, and definitely established poles
appear and the rotor locks into step at synchronism. Thereafter
no currents are in7uced in the starting winding unless the rotor
is loaded until it fa'ls out of st-p.

A direct-current motor has the working current introduced
into the revolving member by a pair of conducting brushes. In

FiG. 824.—Stator of Westinghouse type C. W. induction motor.
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the induction motor the working current is produced in the re-
volving member through induction. The action in a direct-
current motor is conductive. In an induction motor it is indu:-
tive. In this machine there are two distinct though closely
related functions: First, a transformer action; second, a motor
action.

The terms “armature” and “field,” commonly used with direct-
current motors, are abandoned for alternating-current motors
because of the similarity of the two members. They are dis-

Fi1G. 825.—Form-wound rotor of Westinghouse type C. W. induction
motor.

tinguished as “stator,” the stationary member, and “rotor,” the
revolving member. These two parts bear somewhat the same
relation to each other as the primary and secondary of a trans-
former. The usual practice today is to make the stator the
primary and the rotor the secondary, although these functions
could readily be reversed. The stator of a Westinghouse type
C. W. induction motor is shown in Fig. 824. A wound rotor
for large and medium size Westinghouse induction motors is
shown in Fig. 825. These rotors are of various forms, but in
general they consist of an iron core on which is a system of
conductors connected in various ways but always with the
object of organizing the induced currents in such a manner as to
produce the required magnetic polarity.
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The theory of the manner in which current is induced in the
rotor may be understood from a consideration of Fig. 826.
Here it may be supposed that a rotating field of force, due to
currents in a stationary winding, rotates from polar projections
A to B to C to D in the direction of the arrow K. The lines of
force due to this field are in the direction D-B. As the field
rotates it cuts squarely across the conductors E-F-G-H of the
rotor, which, for the moment, is stationary. This direction
of cutting will induce currents which will flow toward the ob-
server in the conductors H-G and away from the observer in the

FiG. 826.—Relative directions of rotating
field, induced currents in rotor, and resultant
direction of rotation of rotor in induction motor.

conductors E-F. The direction of the magnetic resultant of
these induced currents will evidently be C-A. This would tend
to produce a north pole on the rotor at N, which would be
attracted by the south pole of the stator S’, while the north
pole of the stator N'ywould repel the north pole N of the rotor,
urging it in the direction of the rotating field. If the rotor
traveled as fast as the rotating field, there would evidently be
no induced voltage or current and therefore no torque, for in
~=A-~ +- i=3---¢ yoltage there must be relative motion between

the rotating field. It is therefore necessary that

run at a speed less than synchronism. This fall in
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speed below synchronism is technically known as the “slip.”
It is usually quite small, varying from 2 to S per cent. At no
load the rotor travels at practically synchronous speed. As the
load increases the slip increases. The greater the slip the greater
the rate of cutting of the rotor conductors, the greater the in-
duced e.m.f., and the greater the secondary current. Up to a
certain point the torque also increases with the increase in slip.

If the rotor stood still while the rotating field traveled 3,600
r.p.m. due to a frequency of 60 cycles in a bipolar field, the fre-
quency of the induced current in each conductor in the rotor

Fi1G. 827.—Relative magnitude and position
of currents in rotor of induction motor if rotor
possesses resistance only.

would likewise be 60 cycles. If the rotor had no load, it would
run at practically synchronous speed. There would then be
practically no slip, and the frequency of the current induced in
each conductor of the rotor would be practically zero. If the
load was such as to cause the rotor to slow down to 59, below
synchronous speed, the frequency of the currents induced in the
rotor would be 59, of 60 cycles, or 3 cycles per second.

A clear conception of the relation of the current in the rotor
conductors at any instant with respect to the magnetic polarity
of the field may be gained from an examination of Fig. 827.
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If the rotor winding possessed no inductance but merely resist-
ance, the field rotating in the direction given, the induced voltage
and resulting current in the conductors would be a maximum
when under the center of the stator poles. The resulting polarity
of the rotor would then be as shown. These poles would react
with a maximum effect upon the poles of the rotating field to
produce torque. If, on the other hand, the rotor winding pos-
sessed great inductance and comparatively little resistance, the
currents would not reach their maximum value in the conductors

Fi1c. 828.—Relative magnitude and position
of currents in rotor of induction motor if motor
possesses inductance only.

until located as shown in Fig. 828. The resulting polarity of the
rotor would now be in line with the poles of the stator, and the
torque of the motor would be zero. As the frequency of the
current in the rotor is very great when starting, the reactance is
great. - Hence the torque is comparatively small. As the rotor
speeds up, the frequency of the current in the rotor and conse-
quently the reactance therein go down and the angular displace-
ment between the poles of the rotor and the poles of the stator
increases from that shown in Fig. 828 to that shown in Fig. 827,
and the torque increases.
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As already explained, there will be no slip, no induced e.m.f.,
no current and no torque when the rotor runs in synchronism
with the rotating field. If a load is applied, the rotor commences
to slip. As the slip increases the induced e.m.f., current and
torque also increase, and the increase in torque would be in
direct proportion to the slip were it not for the demagnetizing
effects of the rotor currents. The magneto-motive-force of the
rotor is opposed to the magneto-motive-force of the stator,
and as the induced currents rise the reaction causes a leakage
flux to occur in the gap space between the rotor and stator. This
is similar to the leakage flux between primary and secondary
windings of an ordinary transformer. As a result, when the
rotor currents increase, the demagnetizing action increases and
the magnetic leakage rises until, when the rotor current is large,
the flux through the rotor becomes smaller and the resultant
torque may actually fall instead of rising with an increase in
secondary current. Also, as explained before, the rotor react-
ance increases with the slip. An increase in reactance affects
the time phase angle between the currents in the rotor and in
the stator so as to further decrease the torque between the two.

For every particular motor there is a certain slip at which the
maximum torque is exerted and beyond which point the reaction
of the rotor becomes so great that the torque decreases with an
increase of slip. The actual point where this occurs depends on
the design of the motor.

The starting torque—that is, the rotating effort with 1009,
slip, as when the motor starts from rest—will depend very
largely on the resistance of the rotor winding. If the secondary
conductors are of copper and therefore have a very low resistance,
the current at start is very large. The magnetic reaction will
be great and the resulting torque small. If, on the other hand,
the rotor circuits are of high resistance, the current induced at
a standstill will be limited in amount by the resistance of the
rotor winding and the starting torque may be relatively high.
This is because the rotor current will not batter down and
deflect the stator flux so much as before. Also the reactance of
a rotor at a standstill is practically fixed by the mechanical
design regardless of the resistance of the conddctors. If these
conductors are of high resistance, the power factor of the rotor
current is higher, and the phase relation between the rotor and
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stator currents improves so as to assist in increasing the starting
torque, although the current in the rotor has decreased.

The torque in the motor depends upon the actual flux which
crosses the rotor. :

A motor with a high-resistance rotor will develop its maximum
torque at the start or at very low speed, but the efficiency and
regulation of such a motor would be very poor as the high

A

E . - C
STANDSTILL '

RUNNING SPEED

Fic. 829.—Torque characteristic of induction motor between synchronous
speed and standstill.

resistance winding would produce a greater slip and I?R loss at
normal load.

A motor with a low resistance rotor would exert its maximum
torque at high speed. Such a machine would have a high
efficiency and small slip at normal load but would develop a very
poor starting torque. The torque, speed and general perform-
ance of an induction motor can thus be changed considerably by
observing the above-mentioned points in design.

Fig. 829 is a torque curve for an induction motor. The line
E-C represents variation in speed from standstill to synchronism.
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At synchronism C, the motor’s torque is zero. From this point
the speed falls off and the torque rises rapidly as the slip in-
creases, reaching a maximum at the point A with a slip equal to
C-B. This particular point is
called the “pull-out” torque or
“break-down” point. If loaded
further the motor shuts down, the
torque curve falling rapidly until,
at the point D, when the motor
is standing still, there is very little
torque.

The induction motor is approximately a constant speed
machine resembling in this particular a direct-current shunt
motor. Its starting torque, however, is smaller, and its drop

Fic. 830.

STATOR

PRIMARY

FiG. 831.

in speed less than in a shunt motor. It also possesses the
peculiar feature of pulling out and shutting down at a critical
point, which is unlike a shunt motor.

The number of slots in the rotor should never be equal to
or a multiple of the number in the stator as in Fig. 830, as under
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such circumstances the rotor teeth and stator teeth would line
up so as to make the magnetic reluctance less in the position-
shown. This would exert a force opposing rotation, as any
effort to turn would increase the reluctance of the path. This
would prevent smooth operation, as the flux value would vary
as the slots passed and also might prevent starting the rotor
in certain positions. The number of rotor slots is therefore
always made prime to that of the stator, as in Fig. 831; then
the reluctance of the magnetic circuit across the span of one
stator pole is not materially altered by any position of the rotor.

Three forms of slot construction are employed for induction-
motor stators. In section 1 of Fig. 832 is shown an open slot
construction with wooden wedges employed to hold the coils in
position. This permits the use of form wound coils which are
the strongest mechanically and are well insulated. The flux
lines passing from stator to rotor concentrate in the compara-
tively narrow tooth, and as they separate in the air gap the
average length of the path is increased, necessitating a greater
magnetizing current. This involves a low power factor.

Section 2 illustrates the partially closed construction. Form
wound coils completely taped up cannot be cmployed here, but
the portion which is placed in
the slot must be threaded in,
one or two conductors at a
time. This does not permit
of getting as much wire in the
slot nor of insulating it as well
as in the preceding method.
It also makes it more difficult
to effect repairs. The over-
hanging edges of the slot,
however, provide a greater
tooth area through which the flux is distributed. This enables
the lines of force to travel straight across the gap by the shortest
possible path. As a result the magnetizing current is lowered
and the power factor is improved.

Section 3 illustrates a construction that embodics both the
advantages and eliminates the disadvantages in the two other
designs. It involves the use of a magnetic bridge, E, Fig. 833,
which consists of a wedge of soft steel with a small air gap in the

FiG. 833.
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center, which is driven into place after the formed coil has been
placed in theslot. It gives the advantage of the open slot con-
struction which admits of better insulated and more easily placed
coils, and at the same time gives the high power factor obtainable
with the partially closed slot but is a more costly construction
than the partially closed slot type.

FiG. 834,

Induction motors are usually provided with a stator of the
general appearance of Fig. 834, which pictures the General
Electric type K.T. construction. TIor these stators three forms
of rotors arc available. The General Electric Company desig-
nate these as the forms K, I. and M. The form K rotor is pic-
tured in Fig. 835. It consists of a number of parallel conductors
placed in slots in a laminated core, the ends of these conductors
in the rotor pictured being welded to massive copper rings which
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connect the entire number in parallel. In the absence of the
iron core such a winding would resemble in appearance the well-
known squirrel cage. It has therefore been named the squirrel-
cage rotor or the cage-wound rotor. The conductors are usually
massive bars of copper, either round or square in cross-section.
Bare conductors are frequently employed, it not being necessary
to insulate them. The reason is that the induced voltage is
exceedingly small, and the difference of potential between any

FiG. 835.—-(§eneral Electric form K, cage-wound
.rotor for induction motor.

two points, such as the middle of one conductor and the middle
of an adjacent conductor in front of one pole, is practically
zero. The current therefore is urged in a sheet from one end of
the rotor to the other across the entire space of one polar area
until it reaches the connecting ring on the end, whence it divides
and returns in series with the conductors in front of opposite
stator poles adjacent thereto.

Various methods of connecting the conductors to the end rings
have been employed. As the currents are large and the voltage
small, the resistance of the connection must be a minimum. In
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small rotors the connection is sometimes riveted and. soldered.
In large types the end ring has been connected by a bolt and nut
to each conductor. In still other types the end ring has been
welded or brazed to each conductor. Finally the end ring has
been cast from molten metal directly onto the conductors them-
selves, thus insuring perfect eontact at all times. Rotors have
also been made in which the conductors and end rings are of
aluminum, all being cast in solidly after assembling the iron
structure of the rotor.

Fic. 836.—General Electric form L rotor for induction motor.

The form K rotor represents the most rugged possible con-
struction. With no insulation, with no soldered joints, with
massive conductors and no commutator, slip rings or brushes,
there is practically nothing to get out of order. The rotor is
virtually indestructible and will last indefinitely. Its chief
disadvantage is that it is not capable of devcloping a high start-
ing torque unless high resistance conductors or end rings are
cmployed, with consequent poorer efficiency and regulation.

Because of the small load which the form K rotor is able to
start, the load is often attached to the pulley, which includes a
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friction clutch, enabling the rotor to start freely. An expanding
ring within the clutch, operating by centrifugal force, gradually
comes in contact with an outer band which it grips by friction
and thus starts the load smoothly.

In the form K rotor the currents flow rather promiscuously,
and the magnetic polarity is not as sharply defined as could be
desired.

The form L rotor, Fig. 836, is wound with definite poles estab-
lished by formed coils placed in the rotor slots and constituting
a winding which may be practically a duplicate of the stator
winding. The currents induced therein flow in definitely organ-
ized paths, and as the winding is well insulated the poles are
more sharply defined and a better starting torque is developed.

Fic. 837.

Within the rotor, however, there is mounted a three-phase
rheostat R, Fig. 837, connected in either Y or A and tapped to
the three terminals A, B, C of the rotor winding. This resist-
ance is sufficient in amount to limit the induced currents in the
rotor winding at the start to full-load value. Under these con-
ditions the motor is enabled to develop full-load torque at the
start. This is a decided advantage over the cage-wound rotor,
which would require approximately four times full-load current
to produce full-load torque when starting. When the motor is
up to speed, a button operating a rod through the center of the
rotor shaft is arranged to connect all three segments of the switch
S, together, which short-circuits the starting resistance and con-
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verts the rotor into the equivalent of a cage winding. In some
types of motors employing this style of rotor the switch S operates
automatically by centrifugal force when the motor approaches
synchronism. Thus R constitutes a one-step starting box which

F1G.-838.—General Electric form M rotor for induction motor.

very effectively reduces the initial current in the rotor and there-
fore in the stator. Where it is important that the line voltage
should not be affected by heavy starting currents or where the
generator capacity is limited, the form L rotor may be used to
advantage.

Fic. 839.

The form M rotor, Fig. 838, is practically identical in con-
struction with the form L, except that the starting resistance is
externally placed instead of internally. In Fig. 839, S is the
stator winding and R the rotor winding. The three terminals

-



A. C. Motors 139

of the rotor lead to three slip rings, A-A-A, from which brushes
B-B-B conduct the current to an externally placed Y-connected
rheostat T, having three arms. The advantage of this arrange-
ment is the great flexibility permitted. The three arms of this
rheostat are all connected to one handle as in Fig. 840, which
permits of any adjustment of the secondary current desired.
The current enters through the leads A-B-C and the main line
switch and passes thence to the stator. The induced currents
from the rotor are led out from the slip rings and thence through
the starting rheostat. By manipulation of the rheostat the
rotor can be made to start any load within reasonable limits,
requiring either less or more than full-load torque, with a mini-
mum of current. - The form M rotor is preferable for cranes,
hoists and electric elevators.

A|B|C

J

FiG. 840.

If the external rheostat has sufficient carrying capacity, it
may be arranged to remain continually in circuit and thus give
speed control under various loads similar to that which would
be obtained from a shunt-wound direct-current motor with a
regulating rheostat in its armature circuit.

Polyphase motors employing the form K cage-wound rotor
are often thrown directly across the line without any starting
device whatever in sizes up to 5 horse power. Above this size a
starting compensator is employed. This is in effect a three-
phase auto transformer, Fig. 841, of the core type, each leg hav-
ing a single winding. The Jower ends of these windings connect
to a common point, while the upper ends extend to the source
of supply. Taps are taken off from the winding at various
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Fig. 842 shows the arrangement.

Here A-B-C represent the three
windings of the compensator.
Let 100 volts be applied across
each phase of the line side. As-
suming a current of 60 amperes
to flow through each line wire
into the compensator, taps could
be taken off at E, F and G .
which would supply 60 volts on
the motor side and 100 amperes
in each line wire. Thus, by the
transformer action effected, a
comparatively high voltage and
small current is changed intc a

. comparatively low voltage and

large current, with practically
noloss. This gives the large cur-
rent on the motor side required
to produce the necessary start-
ing torque. Compensators are
generally provided with taps
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FiG. 843.—General Electric starting compensator for cage-wound
induction motors.
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which will furnish the motor with 40 to 60 or 809, of the line
voltage. The general relations between full-load current and full-
load torque are shown in the following table:

¢ Per cent of full load
Per cent o
Up to 15 H. P.

rated E.M.F. Current Torque
Isttap................ 40 112 32
2Zndtap............... 60 250 72
3rdtap.............. 80 450 128
No compensator....... 100 700 200

The above represents the percentage of line voltage and
current on the line side. Between the compensator and the
motor the current is correspondingly more and the voltage corre-
spondingly less. These values vary somewhat with the design
of the motor.

The actual appearance of a General Electric Compensator is
shown in Fig. 843. The throw-over switch for changing from
intermediate to line potential is shown at the top. The no-
voltage release coil is shown on the side at the left.

In place of a compensator a three-phase starting rheostat
could be employed which would lower the voltage and improve
the power factor under which the starting current was drawn.
With such an arrangement, however, the gain in current due to
transformer action of the compensator would be lost.

It must be borne in mind that the object of the compensator
is to reduce the current drawn from the line at start by reducing
the potential. Without the compensator, the current taken by
the motor at start would be approximately seven times normal
as indicated in the above table.
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SECTION XVI CHAPTER.1I1
ALTERNATING-CURRENT MOTORS
PRINCIPLES OF INDUCTION MOTORS

1. Is the rotary magnetic field produced in polyphase synchronous
motors? Is it essential?

2. What is the direction of rotation of the rotor of an induction
motor with reference to the rotating field. Explain fully. by means of
sketch.

3. What would be the amount of current induced in the rotor at synchro-
nous speed?

4. What is meant by the “slip” in an induction motor? What deter-
mines the amount of slip? What effect has the slip on the torque and
secondary current?

5. Why is the torque of an induction motor so poor when starting?
How can it be improved?

6. With what D. C. motor does the regulation of an A. C. induction
motor compare? Which regulates the better? What points in the design
of an induction motor would improve its regulation?

7. What are the relative effects of low resistance and high resistance
rotors upon the starting torque, cfficiency and regulation of induction
motors.

8 What relation should exist between the number of slots in the
rotor and the number in the stator? Why?

9. What are the relative advantages of open slots and partially closed
slots for induction motors?

10. Explain the construction of the “cage-wound” rotor. What are
its advantages and disadvantages? How are the end rings attached?

11. Explain the construction of the “form-wound” rotor with internally
located starting box. What are its advantages and disadvantages? How
is the starting resistance cut out?

12. Explain the construction of the form-wound rotor with slip rings
and externally located starting box. What are its advantages and dis-
advantages.

13. Explain the principle and advantages of the inductive compensator
for starting induction motors with cage-wound rotors. Sketch.

14. How may the starting torque of an induction motor employing the
compensator be altered?



SECTION XVI ' CHAPTER IV
A. C. MOTORS
PRINCIPLES OF INDUCTION MOTORS
Single-Phase Induction Motors

The rotating field produced in polyphase motors is inherently
present in such machines and is symmetrical in form and mag-
nitude, and’ if the motor travels at synchronous speed there
will be no current induced in its conductors.

Pure single-phase motors have but a single winding, which
may be connected up for any desired number of poles. Such a
motor is not self-starting. If it is provided with a cage-wound
rotor and once started or brought up to approximately syn-
chronous speed, it will continue to run in the direction in which
it was started because of a rotating field that is induced by the
reaction of induced currents in the rotor.

A single-phase motor would have current in its rotor at prac-
tically synchronous speed, this current being necessary to produce
the magnetism required for the rotating field. The field of the
single-phase motor is elliptical in form instead of circular, the
actual shape of the ellipse being determined by the speed of the
rotor compared with synchronous speed. As it approaches
synchronism it becomes more and more nearly circular.

Consider a bipolar field, Fig. 844, excited by an alternating
current, having at a particular instant the polarity, N-S, the
resultant flux being shown by the vertical arrow. Let the rotor
R be forcibly driven by mechanical means across this field in the
direction of the curved arrow. The direction of the e.m.f. gen-
erated in the conductors A-B will be as shown. :

As this is a rotational voltage its maximum values will coincide
with the maximum value of the main field flux—that 1is, it will
be in time phase with it. But as this voltage produces a current
which tends to produce a flux along an axis at right angles to the
main field, there is no stator winding with which it can interact.
Thus the circuit for this current will possess a high reactance.
Any current that will circulate due to this rotational voltage
will therefore lag behind the e.m.f. causing it by approximately

144
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90°. This current tends to produce a flux along the dotted line
N’-S’ at right angles to the main field, and as the currents
lag nearly 90° due to the reactance of this circuit it is evident
that this second flux will be out of phase, both electrically and
in mechanical position, by 90°.

The generated e.m.f. of this circuit is in time phase with the
main field, and the rate of change of induced magnetism is equal
to that of the generated e.m.f. Therefore the secondary field
N’-S’ will have a value that is proportional to the rate of change
of the current in the conductors A-B, which in turn is propor-
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Fi1G. 844.—Principle of single-phase in-
duction motor.

tional to.the e.m.f. induced therein, which in turn is proportional
to the rate of change of the main flux.

These two fields will obviously interact to produce a rotary
field of force in which the rotor will continue to revolve. For all
speeds under synchronism the secondary field will be less in
value than the main field, and above synchronism it will be
greater. This causes the resultant field to assume an elliptical
form, as in Fig. 845, which at synchronism becomes practically
circular.

At no load the rotor must carry a sufficient current (mag-
netizing current plus a small energy component) to produce the
induced field. This current must not be confused with the
energy current which flows in the rotor when a load is applied.



146 Theoretical and Practical Electrical Engineering

In general it may be stated that the rotational voltage caused
by cutting the main field and the transformer voltage due to the
secondary field are nearly 180° out of phase and interact to

_ T -~ produce the exciting current of the sec-

R N\ ondary field. This current does not

/ a interact in any way to produce motor

/ n) \ torque but produces the secondary flux
/ = \ only and varies with the speed. The
.’LNDUCED FIELD voltage generated in the rotor due to
H the cutting of the secondary field inter-
\ > / acts with the transformer voltage due
\ - / to the main field to produce the working
\ s / current in the rotor. This current is
\ / produced in the same space position with
NI the secondary field with which it inter-

Fic. 845.—Elliptical ro-  acts to produce the motor torque. While
tating field in a single- this current_ and flux are not in time
phase induction motor. o

phase, being 90° apart, at synchronous
speed, their phase position improves as the motor approaches
full-load conditions. The resultant voltage which produces
this working¥current is caused by two components which are
nearly 180° out of phase with each other. As one of these
varies nearly as the square of the speed, it is evident that

Fi16. 846.—M\lethod of starting polyphase
induction motor on single-phase circuit by
means of resistance in shunt with one phase.

a small decrease in the speed will bring about a considerable
increase in resultant voltage and current. This results in a
slightly smaller slip in a single-phase than in a polyphase motor
of the same rated capacity,

External Phase Splitters for Starting.—Three-phase motors
may be operated with reduced output upon single-phase circuits
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of the same voltage. Such motors will not start unless pro-
vided with means for bringing them up to about 209, of their
synchronous speed or unless they are provided with some external
phase splitter. The latter is the commonest method. If the
stator of a three-phase motor, A-B-C, Fig. 846, is connected to
a single-phase source, D-E, the rotor will not start. If, however,
a resistor, R, is connected between the points C and A, a voltage
will be impressed upon A-C which is out of phase with that on
A-B. The angle will not be great but will be sufficient to
enable the motor to start without load if the resistance of R is
properly proportioned. The phase displacement so obtained
produces a rotating field, somewhat distorted but sufficient to
start the motor. As the motor gets up to speed it induces its
own rotating field and the resistor R may be disconnected. If

A
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F1G. 847.—Resistance and inductance em-
ployed for external phase-splitting to start a
three-phase motor on a single-phase circuit.

the wire at A is switched to the point B, the phase displacement
is in the other direction and the field of force rotates in reverse
order. The change would cause the motor to start in the oppo-
site direction. External phase splitting may be obtained with a
resistor, an inductor or a condenser. A resistance unit is the
most readily obtained and is widely used. Inductance is rarely
used by itself because the motor circuit is already highly induc-
tive and an additional inductance does not cause much further
phase displacement. A condenser would be the best but is com-
paratively expensive. If, instead of employing resistance alone,
a resistor R and an inductor L be employed, as in Fig. 847, the
current is made to lag more in B-C, and less in A-C, than in A-B.
The motor would thus start even more readily than when con-
nected as in Fig. 846. External phase splitters of this type are
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in no sense starting boxes. They do not reduce the applied
voltage but simply bring about a rotating field while the motor
takes its customary large starting current.

A method of reducing the voltage on each phase when starting
in combination with an external phase splitter is illustrated in
Figs. 848 to 850. In Fig. 848 the three phases of the motor
stator are connected in Y. Across phases 1 and 2 a resistor, R,
is connected. Across phases 2 and 3 is a reactor, L, while the
line voltage is impressed across phases 1 and 3. The phase

R o c——
LINE STARTING LINE

Fi1Gc. 848.—Y connection for limiting starting
current in an induction motor with external phase-

splitting.,
NNING
—*
LINE LINE

Fic. 849.—A connection for running after preced-
ing motor has been started.

displacement obtained by these two devices enables the motor
to start quickly. As each phase of the stator is wound for full-
line voltage this pressure is reduced ncarly one-half on account
of the Y connection. When the motor has nearly reached
synchronous speed a switch is thrown which changes the connec-
tions from Y to A as in Fig. 849 and at the same time disconnects
the resistor and reactor. The motor then produces its own
rotating field and continues to run in the direction in which it
was started.



A. C. Motors ) 149

A phase-splitting and connection-changing device used by the
General Electric Company for accomplishing the above is
illustrated in Fig. 850. It involves a three-blade switch mounted
on the top of a box containing
the resistor and reactor. The
box requires six wires for the
two terminals of each phase of
the motor M which must be
led into the box. Tracing the
circuit between the line and the
motor with the switch in the
upper position will show that
the connections are established
as in Fig. 848. When the
switch is thrown to the lower
position the connections in Fig.
849 are obtained. To reverse
the direction of rotation of such
a motor it is only necessary to
reverse the connections A-B— RS M .
that is, reverse the terminals of Fic. 850.—Wiring diagram for
the resistor and reactor with making connections shown in Fig.
respect to the binding screws 848 and Fig. 849.
on the switch on the top of the box.

Self-Starting Single-Phase Motors.—In the absence of an
external phase-splitting device for starting three-phase motors on
a single-phase circuit, there are three plans for rendering single-
phase motors inherently self-starting. They are: The repulsion
method, the condenser method, and the auxiliary winding
method.

The Repulsion-Start Type Induction Motor.—This method
employs the repulsion principle illustrated diagrammatically in
Fig. 851. - Here a single-phase alternating current is introduced
into a bipolar stator winding in which is located an armature with
a winding like that on a direct-current machine and provided with
a commutator. On this commutator are a pair of brushes dis-
posed at an angle with respect to the normal position for direct-
current brushes and short circuited on themselves. When
single-phase alternating current is introduced into the stator
winding the armature rotates because of a repulsion which sets

i AAAAAAAAAAA &
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in between closely approaching poles of like sign on the rotor and
stator.

To understand the way in which the rotor currents are pro-
duced, consider Fig. 852. Here the brushes are placed in what
would correspond to the neutral position in a direct-current
machine and are short circuited. If an alternating flux be

\Y,

F1G. 851.—General plan of single-phase repul-
sion-induction motor.

LILLAS

>

projected through the armature in the direction N-S, an induced
e.m.f. would be set up in the upper and lower branches of the
winding which, according to Lenz's Law, would oppose this
flux. A Gramme ring winding is shown, although the actual
construction consists of a drum winding. Assuming the arma-
ture to be motionless, the induced e.m.f. will be as in a trans-

+ Fi16. 852.—With short-circuited brushes in posi-

tion shown, no current will be induced in armature
winding.

former, and the armature winding will act as a secondary with

respect to the flux supplied by the stator primary. Examining
the induced e.m.fs. which will occur at the instant pictured, it
will be observed that an e.m.f. will be produced which will tend to
urge a current from C to A and from D to 4, the e.m fs. in these
two circuits being equal and opposite to each other, no currennt
will result. For similar reasons the e.m.f. from B to C opposes
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that from B to D, and no current will be produced between the
short-circuited brushes at C-D. Should the brushes be turned
through an angle of 90° to the position shown in Fig. 853, the
induced e.m.fs. between B-C-A will now be all in one direction
and those between B-D-A likewise in the same direction. These
e.m.fs. will combine at the proper point, A, to produce two cur-
rents in parallel, which will flow through the short circuit from
A to B, developing a magneto-motive-force in the direction
N’'-S’, diametrically opposed to the main flux N-S. The arma-
ture poles being on dead center with respect to the stator poles,
no torque can result. If, however, the brushes are placed at
some intermediate position between that shown in Fig. 852,

e 2

Fi1G6. 853.—With short-circuited brushes in

position shown, currents will be induced but no
torque will be developed by the armature.

where there is no current, and Fig. 853, where there is no torque,
it is evident that there will be some current induced and some
torque. Such a condition is illustrated in Fig. 851. Repulsion
ensuing between N and N’ and between S and S, the rotor
travels in the direction of the brush displacement from the
stator poles. Should the brushes be shifted anti-clockwise in-
stead of clockwise from the plane of main flux, N-S, rotation
would ensue in the reverse direction. Such a motor starts with
a large torque, very much superior to that of an ordinary in-
duction motor. Sparking, however, would prevent the brushes
being left in this position permanently. Therefore, when the
motor has been brought up to speed, a centrifugally operated
lever is-made to remove the brushes from the commutator and
at the same time throw a short-circuiting ring around the com-
mutator which connects all the segments_together and converts
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the winding into the equivalent of a squirrel-cage rotor. There-
after the motor continues to run as a single-phase induction
motor. If loaded below a certain point, the brushes auto-
matically come on the commutator and the short-circuiting ring
is removed from the segments and the motor operates on the
repulsion principle, with its correspondingly large torque. The
carrying capacity of its winding would not permit its being

FiG. 854+.—Westinghouse 10 h.p. type A. R. single-phase
repulsion start induction motor. The commutator is short-
circuited by centrifugal force after the motor has been
brought up to speed.

operated permanently, however, with the brushes on the com-
mutator. Fig. 854 illustrates a 10-horse power Westinghouse
type A-R motor operating on this principle.

A plan has been devised for compensating the repulsion motor
which improves commutation so as to obviate the necessity for
removing the brushes and short-circuiting the commutator and at
the same time raises the power factor at full load to practically
100G¢. Two general plans of compensating such a motor are in
use. Fig. 855 represents the series compensated type and Fig.

o~
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856 the inductively compensated motor. In Fig. 857 an e.m.f.,
E, is impressed upon the stator winding and a pair of auxiliary
brushes A-A connecting the armature in series with the stator
winding. At right angles thereto are the energy brushes, B-B,

F1G6. 855.—Series-compensated repulsion-
induction motor.

QY

F16. 856.—Inductively compensated repul-
sion-induction motor.
on short circuit. By a transformer action the stator winding,
acting as a primary, induces in the stationary armature a second-
ary current which passes through the short circuit from B to B
the same as_in Fig. 853. The reaction of this secondary current

F1G. 857.—Various voltages and fluxes involved in series-
compensated repulsion-induction motor.
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opposing the primary flux practically neutralizes the self-induc-
tion of the stator winding so that the drop E, is merely due to
resistance, while the drop E, is practically wholly inductive.
Thus the line drop, E, Fig. 858, is separated into two components,
A-B, due to the stator winding, and B-C, due
to the armature winding. The current led con-
ductively through the armature, A-A, produces
a secondary flux ®a in the direction shown.
The interaction of the current in B-B and the
flux in ®a produces a resultant flux displaced
mechanically from the main flux $ and torque
ensues. When the armature revolves, two rota-
E Ea  tional em.fs. are generated, one appearing at
A-A due to cutting of the primary flux &b,
which opposes the inductive drop across the
armature, A-A. The voltage E, is thus re-
duced and the applied voltage E being constant,
the drop across the stator Ej rises. The rota-

C

¢

A B tion of the armature also generates another
Ep ' voltage across the brushes B-B due to cutting
Pro. 858 of the flux #a. This is in opposition to the

1G. 858.

former flow of current across B-B due to trans-

C

Ep
FiG. 859.

former action therein. As the secondary current through B-B
due to transformer action falls, its tendency to neutralize the
stator’s self-induction lessens and the drop E, increases in pro-
portion to the speed. Fig. 859 shows how the drop A-B rises

-

P
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and the drop B-C falls. When the motor reaches synchronism
the drop E, across the armature is very small, and the drop E;
is practically the entire line voltage. This is represented in
Fig. 860. The power factor is then nearly 100%.

If the number of turns in the armature and stator are equal,
the motor will operate at 1009, power factor at synchronous
speed. If the auxiliary brushes A-A are supplied by an induced
current derived from a series transformer or from a separate
winding surrounding the stator poles, as shown in Fig. 856, the
current impressed may be made anything desired, depending on
the ratio of transformation. By varying the ratio, the motor
may be compensated to operate at 1009, power factor at any
desired speed.

An unusual form of repulsion motor is built by the Wagner
Company. Two windings are used on the rotor. In the bottom
of the slots is placed an ordinary squirrel-cage winding. This

E C
A ————— Pz ; I'—Ea
~ E B

F1:G. 860.

is covered by a magnetic separator of soft iron. In the top .
of the slot is placed the usual formed coil winding which con-
nects to the commutator. On the commutator are placed four
brushes. The first set are in series with.the stator winding,
and across the latter brushes the compensating winding is placed
in the circuit after the motor reaches speed. The compensating
winding is placed in slots in the stator, and the amount required
is experimentally determined. The performance of the motor is
similar to that of any other compensated repulsion motor with
the exception that the tendency, which is characteristic of a
series-wound motor, to race at light load is checked by the
squirrel-cage winding which causes it to run more like a shunt-
wound motor, that is, at a constant speed.

Condenser-Start Type Induction Motor.—Motors may be
started and operated upon single-phase circuits without a com-
mutator by employing a three-phase stator winding as shown
in Fig. 861, and squirrel-cage rotor. Single-phase currents are
admitted at the points A-B. A condenser, K, is connected
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across a portion of the main winding B-C. This condenser is of
sm.xfﬁcz-ent capacity to supply this section with its proper current
differing in phase by a considerable angle from that admitted to
A-B. Commected as shown, the
condenser is smaller and less
troublesome than when con-
nected across the main terminals
of the motor. The machine now
becomes self-starting on single-
phase circuits and operates with
a high power factor. In large
sizes a power factor of 1009, is
often obtained. The condenser
is mounted in an hermetically
sealed brass case and placed in

Fic. _861.—Position of condenser .
for splitting the phase to make a a cast-iron base under the mo-

polyphase induction motor self-

starting on a single-phase source. tor. It may be left in circuit

permanently. If desired, the
rotor may be of the coil-wound type with an internally placed
starting box which is cut out automatically by a centrifugal switch
when the motor reaches full speed. A friction clutch pulley is
desirable to allow .the motor to start without load.

Auxiliary Winding Type of Induction Motor.—Another and
less expensive type of single-phase motor is one that divides the
winding into two parallel paths,
as shown in Fig. 862. Winding A
A is of high resistance and small
inductance. The impedance of
this is illustrated at A, Fig. 863. B
The winding B is of high induct-
ance and low resistance. The
impedance for this winding is
illustrated at B, Fig. 863. These
two windings are displaced me-  pq, 862.—Centrifugal switch for
chanically from each- other by disconnecting auxiliary winding of
about 90°. On account of the split-phase motor after starting.
difference in their design, the currents in the two windings are
made to differ by a considerable angle, &, Fig. 863. A rotating
field is thus set up which interacts with the cage winding on the
rotor. When the motor has once started, the auxiliary winding
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A is no longer necessary and may be cut out. This is done by
means of an automatic switch. In the end of the stator are two
stationary segments or half circles, C-D, Fig. 862. On these
rest three brushes, E-F-G. The three

brushes are all connected together and

attached to, and rotate with, the

rotor. The two segments, C-D, are

thus connected with each other, and X
the winding A is in parallel with the

winding B across the source of sup-

ply. When the motor approaches A R
synchronism, the three brushes are

thrown off the segments by centrifugal

force and the winding A is cut out. FIG. 863.

The motor then continues to run as a

pure single-phase machine. The disconnecting of the auxiliary
winding effects an economy, as the power absorbed by that
winding is not necessary for its continuous operation. To
reverse the direction of such a motor the terminal connections of
either the winding A or B must be reversed.

Shading-Coil Type of Induction Motor.—An ingenious type of
single-phase induction motor which has a definite direction of
rotation employs the shading coil, Fig. 864. The main field
winding, M, is supplied with a
single-phase alternating current
through the lines A-B. An al-
ternating flux is established by
this winding through the rotor
in the direction, C, shown. If
at a given instant this flux is
downward, there will be induced
by the rotor a counter magneto-
motive-force upward in the op-
posite direction, N. The main
pole is separated into two por-
tions. Upon one of these sections
a small, bare copper short-
circuited winding B is placed. This coil is subjected to the
same main flux as the rotor. The secondary current in the
shading coil rises in phase with the secondary current in the

F16. 864.—Principle of shading-
coil self-starting induction motor.
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rotor. The shading coil, however, is off dead center with re-
spect to the main flux, while the secondary current in the rotor
is symmetrical with respect to the main field poles. Thus, when
these two secondary currents rise in the same time phase, they
are relatively displaced mechanically in position. The shading
coil tends to produce poles s-n, as shown. The rotor tends to
produce a north pole N as shown. The rotor's N pole is thus
repelled from » and attracted by s, and moves toward the
shading coil in the direction E.

In larger machines the shading coils are wound with insulated

wire and all such coils connected in series. An automatic

centrifugal switch could then be
B provided to cut the shading coils
out of circuit at full speed. For
fan motors these machines are pro-
vided with four main stator poles
and four shading coils, each of the
latter being individually short cir-
cuited upon itself as shown.

The objection to the small shad-
ing coil motor was that it ran only
in one direction, a reversal being
impossible without placing the
shading coil on the other pole tip.
Furthermore, it left the shading
coil in the circuit continuously,
E thus involving a certain amount of

F1G. 865.—Scheme commonly lost power after the motor was
employed for single-phase, self- started
starting, variable-speed, induc- )
tion-type fan motors. Later Types of A. C. Fan Mo~

tors.—The majority of alternating-
current fan motors are now provided with a distributed winding
resembling that of a three-phase machine, Fig. 865. Two of
these windings, A-D and B-D, are highly inductive, while a
third, D-C, is of high resistance. The single-phase source sup-
plies current from the mains E-F to the points A-B. In series
with the line F-B there is connected a small adjustable reactance,
L’, located in the base of the motor. By means of a commutat-
ing switch S, the phases A-D and D-C are placed directly across
the line, while the inductance L’ is connected in series with phase
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B-D, thereby causing a maximum displacement of current in
this phase when the highest speed is obtained; or the inductance
L’ may be shifted until it is in series with the entire motor,
when the lowest speed would be obtained. Such motors are
invariably provided with cage-wound rotors.

Small single-phase commutating fan motors have been designed
which are similar to direct-current motors—that is, they are
provided with a direct-current armature and commutator and
their fields are connected in series with the armature. A direct-
current motor would run on an alternating circuit provided the
field structure was laminated to prevent the induction of eddy
currents therein. It would be necessary, however, to also
reduce the number of convolutions in the field to avoid the high
self-induction which would be encountered. When these pre-

F1G. 866.—Single-phase motor used as a source of three-phase
currents while operating on a single-phase supply.

cautions are taken the motor will run on alternating as well as
direct current. It is often termed a universal motor. Such
motors have been built in large sizes and are used for railroad
work, of which the most conspicuous example is the type used in
connection with the electrification of the New York, New Haven
and Hartford Railroad. There the field reactance is reduced by
operating the motor on low frequency as well as by reducing the
number of convolutions in the field winding. The magnetic
reluctance is made low by using a very small air gap. The
inductance of the armature is decreased by the use of a com-
pensating winding which neutralizes the magneto-motive-force
of the armature and reduces the flux which the armature itself
tends to produce. The: field frame is well laminated and the
flux density employed quite low. These features in design make
the series motor for A.C. circuits heavier and more costly than
for direct-current motors of the same type and horse power.
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Phase Converter.—A single-phase source may be made to
deliver three-phase currents through the medium of a three-
phase induction motor. If in Fig. 866 the phase C-D of such a
motor is connected to a single-phase source, A-B, and the cage-
wound rotor is started mechanically or by some phase-splitting
arrangement, it will continue to run as already explained. Being
a pure single-phase machine it will set up its own rotating field
and the currents induced in the rotor from C-D will, in their
reaction, induce currents back into the stator sections C-E and
E-D, each of which is out of phase with the other and both out
of phase with C-D. From the points F-G-H three alternat-
ing currents differing in phase and varying symmetrically
may be obtained. Thisis the basis of the design of the phase
converter employed on the
Norfolk and Western electric
locomotives for converting the
single-phase supply into poly-
phase currents for operation
of induction motors therein.

Polyphase Series Motors.—
The General Electric Com-
pany manufactures a poly-
phase series motor in which

Fic. 867.—Electrical circuits of speed control is obtained
three-phase variable-speed commuta- through a wide range merely
8:- n:x}l)c;t:;.buxlt by the General Electric through shifting the position

of the brushes. For certain
classes of work such as the operation of centrifugal fans, cen-
trifugal pumps and cloth-printing presses, this motor possesses
some novel and desirable features. The motor was originally
developed in Germany and has been operated successfully abroad
for several years. In its performance it resembles the series
direct-current motor, but has the advantages of requiring no
separate controlling device and of operating at a high power
factor and efficiency. The motor consists essentially of a three-
phase distributed winding placed in a stator identical with that
commonly used for a standard polyphase induction motor. It
has a standard direct-current armature with a commutator. The
arrangement of the windings is shown diagrammatically in Fig.
867. For commercial voltages the current passes through a
three-pole single-throw disconnecting switch and thence through
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the three stator windings. The three brushes, B-B-B, are either
supplied directly from the line as shown or with separate currents
supplied from the secondaries of series transformers Y connected.
The latter plan is often of advantage in enabling a reduction of
potential to about 80 or 90 volts which is delivered to the brushes

F1G. 868.—General Electric three-phase 100-H. P., 440-volt, brush-shifting variable-
speed motor,

and insures better commutation. The most striking feature of
this machine is the entire absence of any external starting or
speed-control device. The motor is started, accelerated, stopped
and reversed by shifting the brushes. With the brushes in the
same axis as the stator winding, no field is produced by the line
current, for the ampere turns of the rotor are equal in amount
and opposite in direction to those on the stator. If the brushes
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are shifted through an angle A, the balance between rotor and
stator windings no longer exists and the resultant ampere-turns
produce an excitation proportional to the current in both wind-
ings and to the angle of brush shift. The motor will now develop
a torque which is proportional to the square of the line current
and the angle of brush shift. If the brushes are shifted gradually
backward, the line current and motor torque increase slowly until
the motor comes up to a speed depending on the load. Commu-
tation is sparkless from about 109, above synchronism to 70%,
below synchronism. These motors have been operated success-
fully in sizes up to 100 horse power. Fig. 868 shows the appear-
ance of a complete 440-volt brush shifting motor of this type, the
hand wheel being employed for starting and adjusting of speed.

The various types of alternating current motors available and
the kind of work for which they are adapted may be briefly
summarized as follows:

1. Synchronous Polyphase Motors.—Self-starting only as in-
duction motors; require an exciter; cannot be changed in speed;
employed usually in sizes above 100 horse power only; high
power factor.

2. Polyphase Induction Motors.—Self-starting; adapted for
all classes of work; comparatively low-power factor; available
with three types of rotors; squirrel-cage type, rugged, practically
indestructible, with low starting torque and low power factor;
internal resistance type improved starting torque and better
power factor; slip-ring type, greater flexibility in starting and
operating; employing minimum current under all conditions; may
be operated on single-phase circuits by use of external phase
splitters.

3. Repulsion Motor.—Employs commutator and brushes; a
very satisfactory single-phase motor in sizes up to 20 horse power;
high starting torque and, when compensated, operates at high
power factor.

4. The Auxiliary Winding Type.—Has a main winding and an
auxiliary winding, the latter having a high resistance which is cut
out by a centrifugal switch at slightly below synchronous speed;
low starting torque and power factor.

5. The Condenser Type.—A single-phase self-starting motor
with a condenser for splitting the phase; condenser permanently
in circuit; small starting torque; operates at high power factor
and is high in first cost.
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6. Shading coil and other split-phase types for fan motors and
other very small work only.

7. Universal Motors.—Series wound, with laminated field
structure; similar to direct-current machines, having armatures,
commutators and brushes; operate on both A.C: and D.C. Have
characteristics of series direct-current motor. Used considerably
in very small sizes for fans, vacuum cleaners, buffing machines,
and in very large sizes for railway work.

8. Brush Shifting Motor.—Polyphase series wound, with
commutator and brushes; started, stopped, reversed and ad-
justed in speed throughout entire range by shifting of brushes.

SECTION XVI CHAPTER 1V
ALTERNATING-CURRENT MOTORS
PRINCIPLES OF INDUCTION MOTORS

1. Explain how the rotating field of force is induced in the pure single-
phase induction motor.

2. Explain how a three-phase induction motor may be made self-
starting on a single-phase circuit by the aid of an external phase splitter.

3. What are the relative advantages of resistance, reactance and capacity
or combinations thereof, for externally splitting the phase when starting
a polyphase induction motor on a single-phase circuit?

4. With an external phase splitter, what is the advantage of starting
such a motor in Y and running it in A ?

S. Explain the fundamental principle in the *“repulsion-start” type of
induction mctor. .

6. What is the starting torque and general characteristic of the repulsion-
start induction motor. What are its advantages and disadvantages?

7. Explain the advantages of the ‘“serics-compensated” and “inductively-
compensated” repulsion induction motors.

8. Explain the principle and advantages of the *‘condenser method”
of starting an induction motor on a single-phase circuit.

9. Explain the construction and advantages of the “auxiliary-winding”
type of induction motor.

10. Explain the principle of construction, advantages and disadvantages
of the “shading coil” type of induction motor.

11. Explain the general plan of modern self-starting, adjustable speed,
induction fan motors.

12. Explain the constructicn of the “universal” motor for use on either
A. C. or D. C. circuits.

13. Explain the principle by which an induction motor may be used
as a “phase converter.” Sketch.

14. Explain the principle of construction of the three-phase, series,
commutating, adjustable speed, brush shifting motor.

-~



SECTION XVI CHAPTER V
A. C. MOTORS
PRINCIPLES OF INDUCTION MOTORS
Induction Motor Winding

The winding of an induction motor stator as a whole is divided
up into sections called phase poles. This is a group of coils
connected in series and constituting the polar group for one
phase. The number of coils for each phase pole is found by
dividing the total number of coils by the product of the number
of poles in the motor and the number of phases. Fig. 869 repre-
sents the layout for a stator winding having 24 slots, each con-
taining two half-coils or an average of one coil per slot. The
spread of the coils is such as to develop four polar regions, each
coil occupying a space represented by the distance between 1 and
2—that is, the two halves of one coil occupy slots one and six.
As the full polar span would be represented by slots one and
seven, this is a “fractional pitch” winding. A “phase-pole” for
this machine will therefore consist of

24 coils
3 phases X 4 poles

= 2 coils per phase per pole.

That is, a phase pole would consist of two coils.

A four-pole induction motor would have a synchronous speed
of 1,800 r.p.m. If such a machine were required for a three-
phase circuit, the us:al number of coils would then be:

3 phases X 4 poles X 2 coils per phase per pole = 24 coils,
or 3 phases X 4 poles X 3 coils per phase per pole 36 coils,
or 3 phases X 4 poles X 4 coils per phase per pole = 48 coils,
or 3 phases X 4 poles X 6 coils per phase per pole 72 coils.

Thus for a fixed number of phases and speed the motor must
have a definite number of coils.

Induction motor windings for four-pole machines are frequently
designed so that if it is desired to operate the motor on a 110-volt
source, all the phase-pole groups for cach phase are connected in
parallel. If itis to be used on 220 volts, two phase-pole groups
are connected in series and this combination connected in parallel

164
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with a similar group of the same phase. If the motor is to be used
on 440 volts, four phase-pole groups are connected in series. If
the motor is designed with more than four poles the combina-
tions are correspondingly varied. Windings of this character
are designated as four-parallel-star, two-parallel-star, series-star
or four-parallel-A, etc., the number indicating the number of
parallel paths in each phase. In all cases it is of course neces-
sary that the proper polarity be preserved in the connection of
the coils. The voltage per turn is the same in all cases.

In Fig. 869, conductors 1, of the first coil, will occupy the upper
half of the first slot, and conductors 2 of the same coil will occupy
the bottom half of another slot,
these two slots being separated
by the pitch of the winding.
The terminal of this coil joins at
3 with the first end of another
coil occupying positions 3 and 4.
These two coils, in series ter-
minating at e and f, constitute a
phase pole. Similarly a-b and
¢-d represent the terminals of the
other two sets of phase poles.

e . Now the group e-f is connected

Fic. 87%;%2{“2;2‘“?&?“” of 4t the points A-Bin parallel with
the corresponding group in front

of the other north pole N’ at the point F-E. The corresponding
groups in front of the two south poles are likewise connected
in parallel, but as the windings surround poles of reversed sign
the connections C-D and G- H are reversed with respect to those
surrounding north poles. In a similar manner the phase pole
terminals ¢-d are paralleled at I-Z with the corresponding group
in front of the other pole of the same sign at M-N, while the
corresponding coils surrounding the two south poles are paralleled
with reversed connections at K-L and O-P. The terminals of the
phase pole g-b are paralleled at Q-R with a similar set at U-J,
while the corresponding connections from opposite poles are
paralleled with these two but with reversed connections at S-T
and X-W. In a certain motor the windings so connected are
adapted for a 110-volt circuit when the three separate phases
are connected in Y. This is done by connecting the points R-I

= -
~~
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together with B by the conductor Y. These points are 120°
apart in electrical phase. Connections to the external circuit
then lead from the three terminals 7, 8 and 9, which are likewise
120° apart in phase. The effect of this winding is as though four
sections of one phase were placed in parallel as at A, Fig. 870.
The four sections of the second phase are in parallel as at B and
the four sections of the third phase are in parallel as at C, these
sections being then placed in Y.

An alteration of the terminal connections which will not inter-
fere with the spacing or connecting of the coils themselves is shown
in Fig. 871. Here the terminals of the phase pole e-f leading to
A-B, instead of being placed in parallel with the group under
the other north pole at F-E, are
placed in series therewith, the
wire E leading to the middle
point of the Y. Likewise the
phase pole c-d is placed in series
with the corresponding group
under the other pole of like sign
and the phase pole a-b likewise
in series with its corresponding

. 2 PARALLEL STAR group. This altered arrangement
e ,/’ of the polar group is shown in
TS e——— Fig. 872. Here two sets of coils

Fic. 872.—Relative position of belonging to each phase are con-
parallel circuits.

nected in series and then placed

in parallel with two other sets This is done for all three phases.

The three resulting groups are then placed in Y. The result will

be to double the voltage to which the stator is adapted and

halve the current for a given output. Such a connection will
adapt the motor for 220 volts.

Finally, instead of connecting the phase poles of each phase in
parallel, they may be connected wholly in series. This is illus-
trated in Fig. 873. This will result in adapting the winding for
440 volts with but one-fourth of the current required in the first
place. This is as though the entire groups belonging to one
phase pole were connected in series with the similar groups under
the other three poles as in Fig. 874.

Extra insulation should be placed between the various polar
groups, in the stator winding, as the voltage between the various
polar groups will be high with certain connections.
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Some idea of the flux distribution in such a stator will be
obtained from Fig. 875, where the stator is shown divided
into four equal parts as with a four-pole winding. The intro-
duction of three phase currents into this distributed winding
will give a maximum magnetic flux at the center of the pole with
weaker poles of like sign immediately adjacent on either side,
and will cause the points of maximum magnetic polarity to
rotate.

If a motor is desired for a slower speed such as 1,200 r.p.m.

\, SERIES STAR /

F1G. 875.—Relative polarities of
Fi16. 874.—Relative position of interior of stator surface produced
series circuits. by currents in distributed windings.

six poles will be required in the stator. A commonly used
arrangement employs 72 slots and coils.

72 coils
3 phases X 6 poles

= 4 coils per phase per pole.

Such a stator could also be wound with

72 coils

3 phases X 4 poles = 6 coils per phase per pole,

and would then give 1,800 r.p.m.

To produce a symmetrical connection of coils the number of
slots must be evenly divisible by the product of the number of
poles and the number of phases, and therefore must be a whole
number.

In some small motors the number of coils in the winding is not
evenly divisible by the product of the number of poles and the
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number of phases. Thus consider a machine with 24 coils wound
for six poles and three phases. The number of coils per phase
per pole would be:

24 coils

3 phases X 6 poles 135. v
In order that there may be an
equal number of coils per phase
it is necessary to effect some o
combination in which the num- F

ber of coils in the polar groups
differ and yet which will give
approximately equal impedances,
resistances and reactances for
each phase. Fig. 876 shows such
a combination.

It will be noted that while
the number of coils comprising a
phase-pole group is not the same,
the total number of coils per
phase is the same and that the
odd coils are placed symmetri-
cally around the stator so as to
balance the effect inductively and
magnetically.

After connecting up a stator
winding it should be tested to
ascertain whether or not the
connections are correct. If the
winding is to be placed in A
the three separate phases should
be connected as in Fig. 877, the
A opened and a testing battery
introduced in series with a resist-
ance box R to limit the cur-
rent. If the windings are to
be connected in Y, the testing
circuit should be introduced at
the middle point of the Y,
and the three outside ends should

F16. 876.—Illustrating connections necessary when the number of coils in the polar groups differ.
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be connected in parallel as in Fig. 878.

Theoretical and Practical Electrical Engineering

If the connections are

correct, there will appear in the rotor space around the inside of

FiG. 877.—Method of testing A-
connected stator to determine
whether polarity of all coils in
winding is correct.

the stator as many poles as
the number of poles for which
the rotor is wound, times the

FiG. 878.—Method of testing Y-
connected 'stator to determine
whether polarity of all coils in
winding is correct.

number of phases, alternating around the circumference. To
explore the rotor a compass needle may be placed on a piece of
iron as in Fig. 879, the projecting end being more readily

F16. 879.—Arrangement of com-
pass to detect polarity of stator
sections.

. approached to the stator iron and

thus concentrating the flux gen-
erated beneath the needle. For
a four-pole three-phase winding
the needle would reverse its in-
dications at regular intervals 4
times 3, or 12 times in one cir-
cumference of the stator. Any
other result indicates a wrong
connection. Dry cells, storage
batteries or direct-current light-
ing circuits with a rheostat in
series may be used for this test.

In motors arranged for parallel
connections of the polar groups,

like poles may be connected together in series to allow for un-
balancing of the magnetic circuit in case the bearings wear
and the rotor settles, thus giving unequal air gaps. Small

™~
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motors are not usually so connected as all of the poles of each
phase are in such cases connected in series.
Elementary Induction Motor Design

The weight of iron and copper required to build an induction
motor of given output and given speed is fairly well established.
As in direct-current machines, the capacity of such a motor
depends on the area of active surface of the stator iron and
the speed of the rotor. As the area of iron in the stator actually
effective on the rotor is proportional to the square of the diam-
eter of the bore and the length of the bore, an equation may be
written expressing the relation of output to these quantities which
is fairly accurate. ‘The expression may be written as follows:

HP. =DX L X rpm. X k.

Where D = diameter of the bore in inches.
L = length of the bore in inches.
k = ‘“output coefficient.”

The value of the output coefficient for various conditions may
be found in tabular form in the Standard Handbook and other
publications. :

The permissible flux density at which the iron may be worked
lies within fairly close limits. The density in the stator teeth
ranges somewhere in the neighborhood of 110,000 lines per
square inch, and the density in the yoke back of the teeth is
usually between 80,000 and 100,000 lines.

The fundamental formula for the expression of the relation
between flux, turns, voltage and frequency is similar to that for
transformers, the only changes being those to take care of the
distribution of the conductors through the iron and overlapping
of the polar areas. The equation as applied to induction motors
may be written as follows:

E=<I>Tn4.44kk’_
108

Where

E applied voltage per phase of motor winding.
T = number of turns in series per phase.
n
(]
k

frequency in cycles per second.

total flux per pole.

= ‘‘distribution factor,” 0.955 for three phase, 0.905
for two phase.

chord factor.

number of conductors in series per phase.

ax
o
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The chord factor is numerically equal to the sine of one-half the
electrical angle spanned by a single coil, a full-pitch winding
being considered as spanning 180 electrical degrees, the sine of
one-half of 180 degrees being unity.

Since the value 4.44 is true for all conditions and 108 is constant,
the above equation may be written:

E = ®C nkk
45 X 10¢

The cross-sectional area of the conductors depends on the

current and on the means for dissipating the heat in those con-

F1c. 880.

ductors and usually falls somewhere between 400 and 900 cir-
cular mills per ampere, the average being perhaps about 700 c.m.

An illustration of the use of these formulas may be given in
connection with the design of a certain motor. This motor was
designed as a one-half H. P., 200-volt, 60-cycle, three-phase
machine.

The area of the iron back of the teeth as measured in Fig. 880
was 174 inches wide, B, by X{¢ inch deep, A, giving a cross-
section of 0.82 square inch.” Since the flux from each pole
divides in the yoke, the actual area available for each pole is

h  0.82 times 2 or 1.64 square inches.

Assuming a flux density of 80,000 lines per square inch, the
total flux per pole would be 80,000 times 1.64 or 131,200 lines

.. per pole.
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As the stator has 24 slots, a throw of 1 to 7 would be full
pitch for a single coil. For convenience in winding and to im-
prove the performance, it is sometimes desirable to use a fractional
pitch winding. In this case a throw of 1 to 6 was used. In
a full-pitch winding for this motor, 6 slots would be passed
over, and since in this design but S slots are passed over, each
coil will span 84 of 180 or 150 electrical degrees. The sine of
one-half of 150 or 75 degrees is 0.9659, which is the chord factor
used in the calculation as indicated.

The motor windings are to be connected in series-star, and
the volts per phase will be:

200
1.732

All values have now been assumed with the exception of the
number of turns per coil. Since there are to be one-half as
many coils as slots, the number of conductors per slot will be the
same as the number of turns per coil. Substituting the known
values in the equation and transposing for the number of turns:

c= BXIWXE _ 45 X 108 X 115.5 )
T aX®XkEXE 60X 131,200 X 0,955 X 0.9659

C = 714 conductors per phase.

= 115.5 volts.

Since there are 24 slots and 3 phases, there will be 24 divided
by 3, or 8 slots per phase, and the number of conductors in each
slot will be:

714
8

Thus there will be 89 turns per coil.

The current for a one-half H. P. 200-volt motor, designed for
three-phase operation, will be obtained from the following
formula:

= 89.

H.P. X 746

I = {937 X E cos ® X ER.

Where I = current in amperes per phase.
H. P. = horse power of motor.
E = terminal e.m.f.
Cos ® = full load power factor of motor.
Eff. = full load commercial efficiency.
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Assuming a power factor of 779, and an efficiency of 789,

_ 0.5 X 746 _
= 1732 X200 X 0.77 X 0.78

I 1.8 amperes

per terminal at full load. The ventilation provided in small
motors is usually limited, radiation being relied upon to care for
a considerable portion of the heat. For a safe temperature rise,
700 cm. per ampere would be a fair allowance. Then 700 times
1.8 would give 1,260 cm., which would be the required cross-
sectional area of the conductors. This corresponds fairly closely
to No. 19 wire. A check also shows that the slots are of ample
dimensions to permit 89 turns of this size wire and the required
slot insulation.

SECTION XVI CHAPTER V
ALTERNATING-CURRENT MOTORS
PRINCIPLES OF INDUCTION MOTORS

1. What is meant by “phase-pole” in a stator winding?

2. What is meant by “full-pitch” winding?

3. What is meant by “fractional-pitch” winding?

4. Explain the relation existing between the total number of coils, the
number of phases, the number of poles and the number of phase-poles
in an induction motor winding. What variations are possible and what
are the limitations?

5. Explain what is meant by the following kinds of windings, and the
voltages for which they are adapted:

4-parallel-star, 2-parallel-star, Series-star.

6. What is the relation existing between the number of poles, the
frequency of supply and the r.m.p. in an induction motor?

7. Explain the method of testing a stator winding connected in either
Y or A to ascertain whether the connections between the various phase-
poles have been correctly arranged.



SECTION XVI CHAPTER VI
A. C. MOTORS
CONTROL OF VARIABLE SPEED INDUCTION MOTORS

Induction motors without load will run at practically syn-
chronous speed, this speed being determined solely by the fre-
quency of supply. At full load the speed drops 29, or 3%,
which is much less than that encountered in direct-current shunt
motors. .

Control by Resistance in Secondary.—The commonest and
most flexible method of varying the speed of a polyphase induc-
tion motor is by inserting resistance in the secondary circuit.
This involves a polar wound, formed coil rotor with three slip
rings as shown in Fig. 881. Brushes B-B-B on these rings
lead to an externally located speed regulating rheostat or con-

STATOR ROTOR R
By B4 B
R
R

Fic. 881.—Wiring connections for speed control of induction motor
by rheostat in secondary circuit.

RHEOSTAT

troller, usually Y connected. The stator is supplied with
line voltage and, like the primary of any transformer, absorbs
current in proportion to the demands on the secondary. By
varying the position of the three rheostat arms R-R-R, the
current in the rotor may be adjusted to any desired value. With
the secondary circuit open and no current in the rotor the stator
will absorb only the exciting current plus that necessary to
supply the mechanical losses.® As an increasing current is allowed
to flow in the rotor by moving the points R-R-R toward the
center of the Y with increase in load, the reaction on the stator
lowers its opposition to the line voltage and the stator absorbs
current in proportion to that in the rotor. This is in effect the
equivalent to the control of speed of a shunt-wound direct-
current motor by inserting a rheostat in the armature circuit.
177
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It has the same flexibility, and both torque and speed can be
va.ned. over the widest range. It has the same low efficiency.
Thus if a motor developed 909, efficiency at full speed, it would
develop approximately only 459, efficiency at half speed, It
has the disadvantage of very low efficiency for large torque at
IOYV speed and, for a fixed setting of the rheostat, is subject to
_vnde variations in speed under changes in load at low speed. It
1s quite commonly used for mine hoists, steel mills and elevators.
The load may be rapidly accelerated with a small current in the
stator. This method, however, deprives the motor of its great
advantage, namely, the simple construction embodied in a cage-
wound rotor.’

There is no method of speed control for an induction motor
corresponding to a rheostat in the field circuit of a shunt-wound

Fic. 882.—Wiring connections for
speed control of induction motor by
rheostat in primary circuit.

direct-current motor as it is impossible to separate in the stator
winding, the magnetizing current which produces the field flux,
from the rotor current which flows in the same winding and is
inductively transformed to the rotor circuit.

Control by Rheostat or Compensator in Primary.—Another
method of varying the speed of an induction motor is to vary
the e.m.f. on the primary. This is accomplished by inserting a
reactive compensator or rheostat R-R-R in the line between the
source of supply and the stator winding S as in Fig. 882. This
“method of control admits of the use of a cage-wound rotor C,
‘which is simple and reliable. In order to obtain a large starting
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torque with this method of control, the rotor conductors and
short-circuiting end rings are usually made of high resistance
material. This will of course give a considerable percentage of
slip at full load and maximum voltage. If a rheostat is employed
to reduce the line voltage, the motor will require approximately
two to four times full-load current in order to produce full-load
torque at start. If a compensator is employed, the same full-load
torque will be obtained at start with 1.4 times full-load current.
If the preceding method of control employing a rheostat in the
rotor circuit is used, full-load torque at start may be obtained
with exactly full-load current. The employment of a rheostat
in the rotor circuit has a much better inherent regulation over the
latter method of control as when the load is changed from full
load to 509, overload, the speed variation of the slip-ring type of
rotor is approximately but 2149, while in the second method of
control with a high resistance rotor, the same change in load
would cause a 109, change in speed.

As to the relative advantages of the resistance type of con-
troller and the autotransformer or compensator type for starting
and speed control, the following points should be considered.
With the resistance type the voltage is brought gradually up to
the value required to start the motor and then continually
increased as the motor speeds up until full potential is reached
at full speed. This is because the drop in the starting resistance
depends upon the current therein, and with a large current the
drop is large and the difference between this drop and the line
e.m.f., which reaches the motor is small. As the motor rises in
speed the counter e.m.f. rises and reduces the intake. The
current through the starting resistance thus falls and the drop
across it falls. Therefore the voltage at the motor rises.
Now the torque of a motor is proportional to the square of the
applied e.m.f. Therefore, as the motor accelerates, there is
automatically applied a rising e.m.f. which assures a very rapid
acceleration. With the compensator type a certain reduced
voltage is applied to the motor terminals by means of an auto-
transformer. This voltage depends upon the tap of the trans-
former utilized and is independent of the current which the motor
demands. This voltage remains constant until the motor has
reached its full speed or until it is switched to a higher potential
tap in the controller.
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From the standpoint of operating cost the cage-wound rotor
and compensator control is the more expensive and the form-
wound rotor with externally placed rheostat is the cheapest.
This is because the losses encountered with the cage-wound high-
resistance rotor are greater and a larger motor is therefore neces-
sary to obtain the reduction in speed required, while with the
form-wound rotor and externally placed rheostat, the losses are
external to the machine. Furthermore, the compensator method
of control is complicated, due to the fact that the compensator
coils must be cut out one after another and cannot be short-
circuited as may be the separate coils of a rheostat.

With resistance in the primary circuit there is nothing in the
motor to get out of order. It may be therefore located in an
inaccessible place. This plan of control is especially useful
in powder mills and oil refineries where arcing must be made
impossible. There is nothing in the motor to spark, and the
control contacts can be operated under oil if required. The
speed is liable to change widely under changes in load, especially
if the speed for which the rheostat is set is low. The efficiency
and power factors are both slightly lower than in the preceding
method.

Standard induction motors must be operated at approximately
the frequency for which they are designed. A variation of 109,
is usually the maximum permissible. A 60-cycle motor on a
25-cycle circuit would have its magnetizing current increased to
such an extent as to make operation impossible and the output
would be reduced in proportion to the frequency. On the other
hand a 25-cycle motor on a 60-cycle circuit would not be mechan-
ically strong enough to withstand the increase in speed, which
would be 2409, of normal.

Control by Changing Frequency.—Motors - may be liberally
designed so as to permit of a limited number of speeds by chang-
ing the frequency of supply. The various frequencies are ob-
tained from several alternators, and a cable connects the motor
with the source. The plan is similar to the Crocker-Wheeler
multi-voltage direct-current system. Two wires are generally
used for each frequency and one common return for all frequen-
cies. It has been used occasionally in machine shops with
fair results. The speed varies directly with the frequency of

supply.
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Contro by Different Polar Combinations.—Motors may have
their windings reconnected for different numbers of poles, but
they will not operate satisfactorily unless the pitch of the coils
is changed. Leaving the coils as originally placed will work the
iron to a very high density in portions of certain magnetic
circuits. This will result in an increased exciting current, a
reduction in power factor and efficiency, and noisy operation.

Additional insulation must be placed between adjacent coils,
where altered connections bring about increased potentials.

Motors may be designed for operation with different numbers
of poles, by supplying the stator with two separate windings,
each connected for a different number of poles and having sepa-
rate terminals. This arrangement would of course increase the

F1G. 883.—Cascade connection of induction motors.

size, weight, and cost and decrease the efficiency and .power
factor of the machine.

A single winding may be arranged to be reconnected for two
or three different numbers of poles. Under these circumstances
cage-wound rotors only can be employed, as a polar winding
could not be readily readapted for different numbers of poles.
Where battleships are electrically propelled, a few fundamental
speeds have been obtained by connecting the stators of the
propelling induction motors for various numbers of poles and
thus avoiding rheostatic losses in the circuit.

Control by Cascade Connections.—Where high operating
efficiency and constancy of speed under load changes are desired,
the cascade connection of motors may sometimes be employed
to advantage. The scheme is illustrated in Fig. 883. Here the
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stator winding of motor No. 1 is connected to the source of
supply. This motor must be furnished with a wound rotor
having slip rings. The current from these slip rings is led to
the stator of motor No. 2, which is also supplied with a polar
wound rotor. The slip rings of this rotor are short-circuited or
the rotor cage-wound. The two motors are wound for different
numbers of poles and their shafts are rigidly connected. With
two such machines, four fundamental speeds can be obtained.
If motor No. 2 has four poles and is designed for 25 cycles, its
speed when running alone will be

Alternations per minute _ m. = 3000

Number of poles = rpm i - 750.

If the motors are connected as shown in the figure and the
direction of phase rotation is the same, they will tend to revolve
in the same direction and are then said to be connected in direct
concatenation. If any two of the wires between the two motors
are cross connected, the direction of phase rotation will be
reversed and one motor will tend to run in an opposite direction
to the other. They are then said to be connected in differential
concatenation. Assuming these two motors to be thus differ-
entially connected, the speed will be equal to the alterations per
minute divided by the difference in the number of poles. Thus:

Alternations per minute _ 3000

P, — P, =h-a= 375 r.p.m.
Motog No. 1 running single would revolve
3000
T2 = 250 r.p.m.
If the motors were connected in direct concatenation, the
speed would be:
Alternations per minute _ 3000 _
P, + P, =D xa- 187.3 r.p.m.

If motor No. 1, having the greater number of poles, is con-
nected to the line, then motor No. 2 produces a rotating field in
" the secondary of motor No. 1, opposite to that of its primary.
If motor No. 2 is connected directly to the line, the effect is to
boost the frequency in the circuit connecting the two motors.
This makes it possible to obtain a speed which is higher than the
speed of motor No. 1 running as a single motor.
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The torque developed by each motor of a cascade connection
is proportional approximately to the ratio of its number of poles
to the total number of poles in the set, multiplied by the total
torque. Thus with two motors connected up in direct concate-
nation, one having twelve poles and the other four, the torque
developed by the first motor will be 12{ g of the total torque of the
set, while that of the second motor will be 4{¢. With differential
concatenation the torque of each motor will be the same, but as
they act in opposition the total resultant torque will be propor-
tional to the ratio of the difference of the number of the poles.
Thus, with the motors considered above, the total torque with
differential concatenation would be 12—4 1; L. % of the torque
developed by the motors when connected in direct concatenation.
The differential concatenation gives, in general, the lowest
starting torque and, if the motor having the greatest number of
poles is connected to the line, the set will not come up to syn-
chronism by itself. It will rise to the synchronous speed of the
single motor, which is connected to the line, but will not exceed
this speed. Therefore it is necessary to connect the motor having
the smaller number of poles to the line, and when the set has
nearly reached full speed for differential concatenation, to switch
over to normal connection—that is, having the motor with the
greater number of poles connected to the line.

Slip Regulator.—When discussing the reversing mill motor it
was explained that some method of regulating the input into
the induction motor which operated the fly wheel and generator
was necessary in order to prevent great fluctuations inload. The
way in which this is accomplished is illustrated in Fig. 884.
The current from the main motor operating the fly wheel and
generator is taken through series transformers 7-T-T. The
secondaries of these transformers are connected in Y and supply
a small three-phase induction motor A with current. This latter
is called a torque motor, for it does not revolve but simply exerts
a torque in a definite direction. Rigidly attached in a locked
position to its shaft is a lever on one end of which are supported
three electrodes arranged to move in a vertical plane in three
liquid rheostats B-B-B. The remaining three electrodes of
these rheostats connect to the slip rings R-R-R of the main
motor’s rotor. At normal load the torque of the locked motor,
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aided by the counter weight W', sustains the movable electrodes
at a definite level. When a heavy load comes on the generator
it reacts on the flv wheel and main motor M to slow them down.
The increase in current now taken by the main motor supplies
the torque motor with an increasing current also. This motor
rotates its rotor in a direction to raise the electrodes in the
liquid rheostats, thereby inserting additional resistance in the
rotor circuit of the main motor and checking the increase of
current therein. This check is inductively handed back to the
stator, and the main motor is thus prevented from taking in

FiG. 884.—"Torque motor” for automatically varying
resistance of liquid rheostat in secondary circuit to vary speed
of main induction motor.

the large incrcase of current which the load demands. When
the main motor is thus prevented from developing additional
power, the fly wheel delivers to the load a part of the energy
stored therein.

As an illustration of the practical benefit derived from such
a device, the fluctuations in load upon a certain main motor
varied from 800 and 1,200 kilowatts when no regulator was in
circuit.  When the regulator was introduced the peaks were
reduced to a maximum of 800 kilowatts with an average of about
500 kilowatts. The average was thus reduced from 1,000 tc
500 kilowatts and the maximum load from 1,200 to 800 kilowatts.



A. C. Motors 185

SECTION XVI CHAPTER VI
ALTERNATING-CURRENT MOTORS
CONTROL OF VARIABLE SPEED INDUCTION MOTORS

1. What determines the speed of an induction motor without load?
What determines its speed when loaded?

2. Explain the method of varying the speed of an induction motor by
inserting resistance in the secondary circuit. What type of rotor is
required ? .

3. Explain the method of varying the speed of an induction motor by
varying the em.f. of the primary circuit. What type of rotor may be
employed? Sketch. '

4. Explain the method of varying the speed of an induction motor by
varying the frequency of supply.

S. What will be the effect upon the speed of an induction motor if
the number of poles in the primary winding are altered. How may this
be done?

6. Explain the method of varying the speed of an induction motor set
by “cascade” connection. What kind of rotors are required?

7. What is meant by “direct concatenation”? What is meant by “dif- -
ferential concatenation”? What are the relative effects upon the speed
of a motor?

8. Explain the principle of the “slip regulator” for limiting the power
input to an induction motor. Sketch.



SECTION XVI CHAPTER VII
A. C. MOTORS

THE CIRCLE DIAGRAM FOR THREE-PHASE INDUCTION
MOTORS

The circle diagram is a method for graphically indicating the
performance of induction motors. This diagram is constructed
in various ways, among which are forms devised by Heyland,
McAllister and Specht. The following explanation is based on the
McAllister method as apphed to three-phase motors.

The circle diagram is one in which there is but a single lme or
vector to represent the current in the machine at any given load.
Inasmuch as there are three separate line currents in a three-phase
motor, it is necessary to combine these currents into a single re-
sultant value, which will represent, at the stated line voltage, the
same power and losses as in a three-phase machine. This value
is called the ‘‘equivalent single-phase current.”

To represent the same total losses in ‘a three-phase motor based
upon this equivalent single-phase current, the motor must be
assumed to have an ‘‘equivalent single-phase resistance.”

In the following equations, .
= current in any line conductor.
= current in each phase.
resistance measured between two terminals.
= resistance per phase.

‘“equivalent single-phase current.”

2
NI Wi T o~
I

= ‘‘equivalent single-phase resistance.”

Equivalent Single-Phase Current

In any three-phase circuit, the current in any line conductor
times the square root of three is called the equivalent single-phase
current or total current.

Since I X Y3 X E = P for any balanced load, at 1009
power factor, if the voltage remains constant, the first member
- of the equation may be combined into two factors, as:

(IN3) X E=P (1)

IV3 being the “equivalent single-phase amperes."’
186
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Equivalent Single-Phase Resistance

In any three-phase receiver, the resistance between any two
terminals divided by two is the equivalent single-phase resist-
ance.

For any symmetrical Y connection, the copper loss per phase
i8 1* X r; and the total loss for the three phases is 3 (i2r).

I =1 and R = 2r, therefore r = % 2
By substitution, the total copper loss is:
R — R
3 (I’ X ;) or (I¥3)* X = 3)
For any symmetrical A connection, the total copper loss as for
Yis3(s2r).
- I
I = V3, and, by transposition, = W] 4

In accordance with the laws of parallel circuits, the resistance
between terminals is:

_2r Xr 2 2 3R

R—b—+r=§=zrandr=-2— (5)

By substitution, the total copper loss is:

S([%E)- (2% E) - 5(1x Z) o v x K0

as in Y connection.

To illustrate the application of these formulas, assume a three-
phase Y-connected winding having a resistance of 2 ohms per phase
and carrying a current of 10 amperes in each line wire. The total
losses will be 3 (i2r), therefore 3(10* X 2) equals 600 watts total
copper loss. As the resistance of one phase is 2 ohms, the meas-
ured resistance between any two terminals is 2r or 4 ohms.

Substituting in formula (1):

2 = i)
and in formula (2):

3(10’ X ;) or (10v3)? X % = 600 watts.
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Assuming the same machine to be A-connected, the terminal
resistance, as in formula (5), would be

2 X 2 = 134 ohms,
and the phase resistance would be
3x3
2 =
2

The line current, as in formula (4), would be
10v3 or 17.32 amperes.

Substituting in formula (6),

4
3X3

(7))

4
3(17.32z X —2-) or (17.32 X 1.732)* X —;— = 600 watts.

Using the “‘equivalent single-phase current’” and ‘‘equivalent
single-phase resistance,” the circuit may now be calculated as a
single-phase circuit, the line voltage being used in all cases.

Rotor Current

The current in the rotor of an induction motor may be accu-
rately represented under all load conditions by a straight line such
asO-1, Fig. 885, drawn within a circle, one end being constantly at
a given point in the circumference
as O, and the other end in the
circle at a point as I, the location
of which depends on the charac-
teristics and load of the motor.
¥ As the currents under various

\ condmons may be represented

bv vectors starting at the point

O, and terminating at various

points along the circumference of the circle OIR, it is generally

stated that the terminals of these current vectors, commonly
called the ‘‘current locus,”” always lie in a circle.

Fic. 885.

/'/ \
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It is a well-known theorem in geometry that any triangle in-
scribed within a semicircle, the diameter of which is the hypothe-
nuse, will be a right triangle.

Since OIR is always a right angle and OR is constant, the point
I must trace the outline of a semicircle for any value of OI. This
proves that the current locus lies in a circle.

Since, for a given voltage, the flux of an induction motor is
practically fixed, the rotor may be considered as an A. C. gen-
erator having a variable speed (slip) and a constant field strength,
the inductance and resistance also being constant.

In Fig. 885, let OX equal the rotor reactance in ohms at some
given slip, and OR at right angles thereto, equal the rotor resist-
ance. Lay off the rotor induced voltage, e, along OX. Since e
varies directly with the slip and also OX varies directly with the
slip (for X = 6.28 nL) then OX varies directly with e.

e = k (0X), where k is some constant, and since:

e

I'=Joxsor . )
then
; EOX)
= JOX® + OR® (8)

Since the line XR, Fig. 885, represents the impedance of the
rotor, XR = YO0X? 4+ OR? and I varies directly with

0X . 0

VOX* + ORY ©)

. . .., 0X
then I varies directly with XR and 6.

Therefore the rotor current varies directly with sin §. Draw-
ing OI perpendicular t@ X R and constructing a semicircle OIR
upon the diameter OR, we have two similar triangles OIX and
OXR, in which the angle, ® = angle 6.

This may be proven as follows:

Since the sum of the angles of OIX and OIR is 180°,

P+ =90° and 6 + & = 90°

Therefore
P+ =0+ and & =6. (10)

This may be proven for any value of OX in a similar manner.
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Sin 6 = %I% and OR, representing the rotor resistance, is con-
stant, therefore I varies directly with OI since I varies with sin 6,

and by selecting a suitable scale the line OI may accurately re-
present the rotor current.

?(% = cos 0 = cos & (see formula 10) = cos angle of lag, and if
e be drawn to represent volts along OX, the angle ® represents
the phase angle between the rotor current and rotor voltage for
any slip and consequently any load.

Sec. losses

Sec. input’ may be shown in the

The fact that the slip equals

fo'lowing manner:
Is = secondary amperes.
Es = secondary volts at 1009 slip.
X secondary reactance at 1009, slip.
Wo = secondary watts output.
S = 9 slip.
Rs = secondary resistance.
Ws = secondary watts input.

6 = secondary angle of lag.
It is evident that
Is = S X Es
Rotor impedance
Since the rotor impedance equals Rs times L.
cos @
Is = S X Es Els .
Rs X —
cos 4
Transposing for the value of S:
S = Is X Rs
Es X cos 8
Multiplying the numerator and denominator by Is,
s Is? X Rs

T Is X Es X cos 0
Since Is X Es X cos8® = Ws,and Ws = Wo + Is*Rs;

S = Is?Rs _ Secondary copper loss
Wo + Is?Rs  Secondary watts input
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Obtaining Data for Circle Diagram

To secure the data for constructing the circle diagram run the
motor without load at normal volts and read the total watts
intake, volts across terminals and amperes per terminal. A
series of these readings beginning with about 1209, normal

F1G. 886.—Current and power curves for three-phase induction motor while
running.

voltage and decreasing in steps of about 109, (taking one reading
at exactly normal voltage) until the speed ‘‘breaks’’ and plotting
the results in curves will be most satisfactory, as the curves
eliminate all chance of erratic values at normal voltage. If the
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motor has a wound rotor, the rotor windings should be short cir-
cuited at the rings. The correctness of the results obtained in
this test determine largely the accuracy of the diagram and great
care must be taken in getting the no load losses. Curves are then

FiG. 887.—Current and power curveskfor three-phase induction motor while
locked.

plotted as in Fig. 886, using terminal volts as abscissas and equiv-
alent single-phase amperes as ordinates for one curve and terminal
volts as abscissas with total watts as ordinates for the other.
This constitutes the running saturation test.
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Next block the motor’s rotor by a brake or bar and, beginning
at about 509, normal voltage, read the total watts, volts across
terminals and amperes per terminal. Repeat the operation,
decreasing the applied voltage in even steps to zero, so as to
obtain at least 5 or 6 readings. Two curves are plotted from
these values as in Fig. 887, one using terminal volts as abscissas
and equivalent single-phase amperes as ordinates, the other
using terminal volts as abscissas and total watts as ordinates.
If the current is not the same in all phases for any step, the
average amperes are used in computing the equivalent single

‘X’
~
l\

Fic. 888.

phase amperes. These curves should be projected by calculation
or graphically to normal voltage values, bearing in mind that the
current varies directly with the voltage, and the watts as the square
of the voltage. The watt curve may be determined logarithmically
as it is a section of a true parabola. This constitutes the locked
saturation test, and judgment must be used as to the maximum
voltage applied to prevent burning up the motor.

Next, measure the terminal resistance of the motor stator be-
tween all terminals and average. If the rotor is of the wound
type, measure its resistance at the rings in the same way. Reduce
all resistance readings to the equivalent single-phase resistance
by dividing by two.

Construction of the Diagram.—Referring to Fig. 888, lay off
two lines OE and OB at right angles to each other. Lay off OR
to a convenient scale representing the no-load amperes in the
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stator (equivalent single-phase values) and at such an angle to
OE that cos ®; is equal to the no-load power factor.

Lay off (to the same current scale) line OL at an angle &,
representing the stator current and its phase angle with the rotor
locked, at normal voltage. Lay off the line RC through R parallel
to OB and connect R and L by a straight line.

RL represents the current in the rotor with the rotor locked,
being the vector difference between OR, the no load stator current
and OL, the locked stator current. Bisect RL and continue
bisector to cut line RC. This intersection at Q will be the center
of the circle between the circumference of which and R, lines may

\/
\X!\\

@0

Fi1c, 889.

be drawn, representing the rotor amperes at any load. Draw
this circle as shown in Fig. 888.

When the motor is running idle, the power consumed is shown by
the line OM, Fig. 889, which is the energy component of the no-
load current OR. This power is simply that required to overcome
the losses due to friction, windage, hysteresis, eddy currents and
a small stator copper loss. Since the motor is running at prac-
tically synchronous speed, there is no variation of flux in the rotor
iron and consequently no voltage or current in the rotor windings.
Since there is no flux variation, there is practically no iron loss in
the rotor at no load.

When the rotor is locked, the frequency of the rotor currents is
that of the line and the flux in the rotor reverses with the frequency
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of the supply. This flux variation produces a loss due to hystere- -
sis and eddy currents in the rotor which is added to the no-load
loss. At the same time the friction and windage have become
zero since rotation has ceased. It may thus be seen that as the
friction and windage decrease with the load, the iron losses in the
rotor increase, tending to maintain the no-load losses, OM, con-
stant. This is so nearly true that it is the custom to assume that
OM is constant in value for all loads and speeds. Since MC, Fig.
889, is parallel to OB, NP is also equal to these constant losses.
When the rotor is locked, there is no speed and consequently no
output. It is obvious that under this condition all of the power
input to the motor must be lost within the machine itself. As

F10.” 890.

OL, Fig. 889, represents the current input to the motor, the.line
N L must represent the energy component of that current, since
it is parallel to OE. Then the line NL is proportional to the
power input to the machine and also to the power lost in the
machine when the rotor is locked and normal voltage applied at
the terminals of the stator. Now the power lost in an induction
motor is composed of three parts, that lost in the stator copper,
that lost in the rotor copper and the constant loss mentioned
above. Then the line NL may be divided so as to represent these
three losses.

Since NP, Fig. 890, is the constant loss, PL must represent the
copper losses of the rotor and stator combined. It is possible to
determine the location of a point S so as to divide the line N L into
two parts where PS represents the stator copper loss and SL the
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rotor copper loss. The point S may be found by one of the three
following methods:

If the motor has a wound rotor, then,
Rotor resistance : Stator resistance : : SL : PS  (11)

Or, if the motor has a cage rotor, the point S may be located
as follows:

The energy component of the stator current in amperes is
obviously equal to the watts lost in the stator divided by the rated
voltage. Since the stator current squared, multiplied by the
stator resistance equals the watts lost and both of these values
are known, the following formula may be applied:

(O-L)* X Stator resistance - sp
Rated voltage !
which is the energy component of the stator current.

Still another method may be used which is called the “‘cotangent
method.”

The line O N, Fig. 890, represents the reactive component of the
stator and rotor current with the rotor locked and, for the current
OL, is proportional to X; 4+ X3, where X is the reactance of the
stator and .\ is the reactance of the rotor. This is the combined
reactance of the stator and rotor because the phase angle of the
current OL depends on the reactance of both, the lag of the rotor
current being transferred into the stator by the magnetic linkage
between the two. The energy component of OL is represented
by the line N'L, as has been stated. Wherever the point S may
be, it is evident that the line \N'S represents the total energy loss
in the stator. The part of \'S as shown by NP has already been
accounted for as being representative of the constant losses,
leaving PS as being proportional to the stator copper loss. Then
the line PS represents the energy component of OL, which may be
attributed directly to the stator resistance.

It is obvious now that the ratio of the energy component of
the stator current to the reactive component is the cotangent of
the angle 8. If the cotangent is known, the angle 8 may be found
and, knowing this angle, the line OY may be drawn terminating
at Y, which represents the current which would flow in the stator
with the rotor locked, and normal voltage applied, if the rotor
had zero resistance, but with stator resistance and stator and rotor
reactance remaining unchanged.

(12)

o~
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The semicircle RLYC is the path of the current locus of stator
current as well as rotor current. Since the value of the line PS,
representing the stator copper loss, is dependent on the ‘‘added
current”—that is, the current drawn over and above that at no-
load—the point S must be located by a line within the semicircle.
Then if a line is drawn connecting R and Y, the point S where it
intersects the line PL will be the desired dividing line between the
stator and rotor copper losses.

The cotangent of the angle § may be found as follows:

E sin q’z

X1+ Xe = —5F

because the combined reactance of the stator and rotor is equal
to the reactive voltage divided by the current, and E (the normal
voltage) multiplied by the sine of the angle &, is this reactive
voltage.

If R is used to denote the stator resistance, then

R
Corl =X+ X
as shown by the preceding discussion.
Substituting the value of X, + X, as first found, in this
equation we have:

R X OL
Cot 6 = Fom &, (13)

Having thus found the cotangent of 6, the angle itself may be
ascertained from a table. The line OY may now be constructed,
diverging from the line OE, by the angle 6.

As will be stated later, the values measured vertically between
the line R Y and the semicircle represent the energy component of
the current input into the rotor. This is also proportional to the
torque, as will be shown and for this reason this line RY is known
as the torque line. Since the stator and rotor losses will always
bear the same relation to each other regardless of the load, the
vertical values between line RY and line RL represent the rotor
copper loss and those between line RY and line RC the stator
copper loss for any value of current between no load and locked
values.
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It should be mentioned that the point S cannot be located
exactly by any of these methods, but that they are sufficiently
accurate for the great majority of cases, the error introduced being
so small as to be negligible. In motors where the no-load current
is a considerable proportion of the full-load current some modifica-
tion of this diagram is necessary.

The diagram, Fig. 890, is now complete and may be analyzed.
Since the line OF represents in direction, the applied voltage, it
follows that all values measured vertically (parallel to OFE) are
energy values and all those measures horizontally (parallel to OB)
represent wattless values.

Fic. 891.

Selecting the equivalent single-phase current OI, Fig. 891,
which would be required for full load. a vertical line as DI is
drawn from D to I. It is obvious that line DK will represent the
constant Josses. As has been stated, the line KF will represent
the combined rotor and stator losses for this value of current
and JF represents the rotor loss. Then DF represents the total
losses for full load and DI the input. Consequently, the output
must be the difference between these two values or FI. If FI
is the output and DI the input, then

FI . . .
DI X 100 = the full-load efficiency in per cent.
As OF represents the stator current, in phase direction as well
as in value. the angle &, must be of such a value that its cosine
1s the full-load power factor.
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Since the slip, as expressed in per cent, is the ratio of the rotor
losses to the power input to the rotor,

.'Z‘ X 100 = per cent slip at full load.

Then 100, minus the per cent slip, equals the per cent of syn-
chronous speed at which the motor runs at full load. The syn-
chronous speed as calculated from the number of poles of the
motor and the frequency of supply, multiplied by the per cent
of synchronous speed, is the actual speed at full load. The power
factor for any load may be determined by obtaining the cosine
of the angle between the stator current line OI and the reference
line OE. This value may be obtained from any set of trigonc-
metric tables.

The output of a motor may be expressed by the following
formula:

n X T } _ P
S5z~ HP= g
Where:
% = r.p.m.
T = torque in pound-feet.
P = watts.

By transposition the formula becomes:

P P TXn
T—mXSZSZ X 704 and —=5— = P.

704

Now JI, Fig. 891, in amperes multiplied by the rated voltage,
gives the watts input to the rotor. If the rotor ran at synchronous
speed, the torque would be found by substituting these values in
the above equation. The watts input to the rotor is sometimes
called ‘‘synchronous watts,” which is a term used to express the
output of the machine if it ran at synchronous speed instead of
actual speed, the torque remaining the same. Thus if the torque
of a motor is known, this value, multiplied by the known syr-
chronous speed and divided by 7.04, will give the svnchronous
watts or power input to the rotor.

It is apparent then that, for any load, the torque of a motor
is proportional to the line JI. Now theline /I, Fig. 891-A, will be
a maximum when it is drawn from a point marked “maximum
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torque” on the circle which is touched by a tangent drawn parallel
toline RS. This point fixes the pull-out or maximum torque point
of the motor.

Since the output of the motor is proportional to the line FI
it is evident that this line will have its maximum length when
drawn from a point marked ‘‘maximum output,” in the circle
touched by a tangent drawn parallel to line RL. This point will
evidently be the point of maximum output.

Maximum power-factor will occur at such a load that the line
OI, which represents the stator current, lies tangent to_the circle

Fic. 891-A.

as, at this point marked ‘“maximum power factor,” the angle &,
is a minimum. .

Since the line DI is proportional to the input, maximum input
will occur when I is at the point in the circle marked ‘“maximum
input,” touched by a tangent drawn parallel to RC.

From the foregoing it will appear evident that the performance

of the motor may be determined for any value of load and stator
current.
.- The motor’s performance may be more easily analyzed by the
diagram shown in Fig. 891-A, which is more complete than Fig. 891,
in that lines have been added for the graphic determination of
power factor, efficiency and slip.

-~ Ry



A. C. Motors 201

Using O as a center, draw the power-factor quadrant GT with a
radius of 100 units and divide OG into 100 equal parts. Extend
RL back to A and erect a line A H at that point parallel to OE.

Now draw a line sp, anywhere in the diagram between RR’
and RL, but parallel to RS, in such a position that it may be
conveniently divided into 100 equal parts. This will be called
the ‘‘slip line.”

It_has been stated that the per cent slip for a given load is
equal to %—I— X 100. If a line is’ drawn between RL and RR’
(which is a line erected perpendicular to RC at R), and parallel
to line RY, and this line intersected by another straight line
drawn from K to I, it can be proven that the point of intersection
divides this first line into two parts one of which is proportional
to the slip, the other to the per cent synchronous speed and the
whole line to the synchronous speed. Such a line is shown in
Fig. 891-A as sp. This line, which is called the “slip line,” need not
be any given length, so it is usual to select some value that is
easily divisible into 100 equal parts, the only requisites being that
it extend from line RR’ to RL, and that it be parallel to line R Y.
An easy method of locating this line is to select the desired value
for the length and then slide the scale along the diagram, keeping
it always parallel to RY, until the required location is found.
Numerals designating the divisions (0 to 100) are placed on this
line with the zero value at the point where ss’ intercepts line RR’.

If now the line RI is drawn, intersecting sp as at §’, it only
remains to be proven that the following proportion is true, to show
that the numeral at the intersecting point s’ is the slip in per cent.

ss" isp i JF 2 JI
This is true, because triangles FRJ and Rsp are similar, as are
also triangles RIJ and s'sR.
This similarity may be shown as follows:
JF :Rs ::RJ] :spand Rs : JI ::s's : RJ

JF _R] Rs _ s's

and B =5 also 71~ ®j
Combining these two equations, we have:

_]Fst R] o s's

JI  sp T RJ
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By cancellation:

\.I\.
~itm
|
“ Y
A AN

’
Since 5—? X 100 equals the per cent slip, then i—; X 100 also

equals the per cent slip.
As the line sp is 100 units long,

the per cent slip = l%% X 100 = s's.

It has been shown that g—; X 100 equals the per cent efficiency.

If now some line may be drawn which may be divided graphically
in the same ratio as FI to DI, the efficiency may be determined
as readily as the slip.

If the line RL is extended back to cut the line OB, asat A, and
a perpendicular as A H erected at that point, a line ¢f may be
drawn between A H and RL, parallel to RC. This line may be
to any convenient scale which is easily divisible into 100 equal
parts. It may be located, as was the slip line, by first selecting
some suitable scale and sliding the scale along the diagram until
the proper location is reached, keeping it always parallel to OB.

If now a line is drawn connecting A and I it will intersect line
ef at some point as ¢’. We now have two similar triangles, A DF
and Aef. Triangles AID and ¢’ Ae are also similar.

It then follows that:

DF : Ae :: AD :¢f and DI : Ae :: AD : ée
DF Ae _ AD e'e DF _ de (14)

then AexD—L=efX/l_l) and BI_=e_f
Since, .
DI _ ¢
DI = o (15)

subtracting (14) from (15)

(D) — (DF) _ (¢f) = ()
(DI) @)

from the diagram, (DI) — (DF) = FI and (¢f) — (¢e) = e’f.

-
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Then by substitution, .
FI _&f
DI ~— ¢

Since % X 100 equals the per cent efficiency, :Zf—f X 100 also
equals the efficiency.

The line ¢f, being 100 units long, numerals should be placed on
the line designating these units with the zero value at /. Then

ef _
- 100 X 100 = ¢f
which is the efficiency in per cent.

From the above formulas and diagram, the efficiency, torque,
slip, power factor and primary and secondary amperes for any
load may be found as well as the ratios between them, with an
accuracy well within commercial limits.

For motors under 5 horse power this diagram is not accurate,
and for motors under 50 horse power the Specht and some other
diagram, which tilt the base line of the circle, are somewhat
more correct. Above 50 horse power, this diagram, -based on
the McAllister diagram, is about as satisfactory as any, and
forms the basis of practically all similar graphic solutions.

SECTION XVI CHAPTER VIl
ALTERNATING-CURRENT MOTORS A
THE CIRCLE DIAGRAM

1. Explain the method of performing the three tests required and state
data obtained from each, that will be used in drawing a circle diagram
for an induction motor. .

2. Sketch a circle diagram and designate the lines which indicate the
following quantities:

(a) No load stator current. (f) Stator copper losses.

(b) Locked stator current. (g) Motor constant losses (or
(¢) Current locus. stray power).

(d) Output cf motor at some load point. (k) Efficiency of motor.

(e) Rotor copper losses. (i) Torque of motor.



SECTION XVI CHAPTER VIII
SPECIAL A. C. GENERATORS
INDUCTION GENERATORS

As already explained, the synchronous generator must run
in exact synchronism with all generators with which it is con-
nected in parallel and with all motors of the same type which
it supplies.

The induction generator does not need to run in synchronism
with other machines with which it is connected in parallel or
with its load. It is simply an induction motor driven mechani-
cally at a speed above synchronism. Its output depends solely
upon its speed above synchronism. The possibility of so operat-
ing this machine has been known for a number of years, but only
comparatively recently has the industry developed so as to
warrant its introduction on a large scale. In certain circum-
stances it is now preferable to the synchronous generator.

The stators, or stationary members of both types of alterna-
tor, are usually identical in construction. This structure
carries the armature winding of the generator, which is usually
polyphase in character. The electro-motive-force generated in
this winding is induced by a revolving magnetic field internally
located.

The chief difference between the two types of machines is in
the revolving member, or rotor. In the synchronous machine
the field structure has clearly defined magnetic poles excited by
direct current supplied through slip rings at 110 or 220 volts.

The field structure of the induction generator contains a
short-circuited winding, the same as that found on the rotor of
an induction motor. The magnetic field in these two types of
machines is produced in distinctly different ways. In the syn-
chronous generator, as explained above, it is brought about by
the direct action of continuous current in the field coils. But in
the induction generator the field is produced by the very alternat-
ing current which flows in the stator winding. This current,
by its reaction, induces current in the rotor, which in turn pro-
duces the magnetic field upon which the generator depends for
its electro-motive-force.

204

~
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As is well known, the fixed position of the field poles of the
synchronous generator nccessitate its running in step with
the alternating system to which it is connected. This means
that the revolving member of every synchronous machine con-
nected to the same system must move forward exactly one pole
for every reversal of voltage in the system.

The induction generator cannot run in synchronism with the
system to which it is connected, but must always run faster,
otherwise there can be no reaction of the current issuing from
the stator winding upon the rotor. And this reaction is neces-
sary in order that current may be induced in the stator. The
greater the load this machine is expected to carry, the greater
the amount by which it must exceed synchronism.

Because of the flexibility in speed of the induction generator,
the possibilities of ‘“‘hunting,”” which are always more or less
objectionable in synchronous systems, cannot occur with this
machine.

These two machines perform in widely different ways because
of the difference in the manner of producing their magnetic
fields. In the synchronous generator the electro-motive-force
induced in its armature winding depends directly upon the
amount of current supplied to its field winding. The load upon
the machine does not appreciably effect this voltage; that is, the
only variation in voltage is due to the regulation of the machine,
- which falls slightly as the output and power factor fall.

But, as stated, the induction generator field is produced by
the reaction of the currents issuing from the machine. This fact
results in a remarkable condition. The induction generator has
no regulation and no magnetic field of its own, save the voltage
which is maintained at its terminals, and the load. The magnetic
field in this machine is produced by the armature reaction of its
own stator currents, and the value of these currents, as well as
the voltage produced, depends upon the electro-motive-force
maintained at the induction gencrator’s terminals. Now the
only way that this voltage can be maintained is by connecting
some other synchronous machine in parallel with the induction
generator’s terminals. The magnetic field of the induction
generator then becomes dependent upon the voltage of the syn-
chronous machine connected therewith, and the latter machine's
voltage depends upon its excitation from its own direct-current
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exciter. The induction generator, therefore, cannot operate by
itself at all. It will deliver no power unless it is connected in
parallel with synchronous apparatus. Rotary converters, syn-
chronous motors or other synchronous generators will answer,
but it is important to note that the machine has no voltage of its
own and can furnish no power unless so connected.

Because of the induction generator’s lack of regulation, the
regulation of a combined system of synchronous and induction
generators will be the regulation of the synchronous machines
" in circuit. If the load changes on the system, the voltage will

GY

S
Of

Fi16. 892,—Induction generator operating in parallel with synchronous
apparatus.

vary in proportion to the change on the synchronous machines
as though they alone were in circuit.

Fig. 892 represents a 1,500-kilowatt induction generator
A, driven by an engine. This machine has a cage-wound rotor
and is in every sense like a three-phase induction motor. It is
connected to the bus bars, across which there is also connected
a synchronous generator B, This machine is also engine driven
and excited with direct current in its revolving field from an
external exciter' E. This synchronous machine will operate to
the best advantage if it has a rating of 707 K.V.A. and 500 K. W.
at 719, power factor. Then, as shown at C, it would be capable
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of furnishing 500 real kilowatts of energy to the load and also 500
apparent kilowatts of wattless lagging current for the excitation
of the induction generator A. While this current for the load and
the excitation of the induction generator lags with respect to its
source, it leads with respect to the voltage of the induction gen-
erator. A 2,000-kilowatt load located at D would now derive its
power jointly from the two generators in parallel, 500 kilowatts
from the synchronous machine and 1,500 kilowatts from the in-
duction machine. At the same time the synchronous machine
would furnish the induction machine with 500 kilowatts lagging
current required for its excitation. One of the peculiar features
of an induction generator is that it requires that there shall be
available, in parallel with it, synchronous apparatus of at least
309, of its kilowatt rating for excitation purposes. The bulk.of-
the real power for the load comes from the induction generator.

The induction generator, then, is a machine which may be
floated upon a synchronous system and will supply real power to
the system without having anything whatever to do with the
voltage regulation or control.

If the external circuit on a synchronous machine is opened,
it still produces its normal voltage, but if the external circuit
on an induction generator is opened, it ceases to generate entirely
and produces no electro-motive-force at its terminals.

If a synchronous generator is short circuited, the armature
winding still continues to generate an electro-motive-force,
because the magnetic field is independent of the e.m.f. and is
maintained by direct current. It is thus possible for a syn-
chronous generator to deliver on short circuit many times its
full-load current, as the entire electro-motive-force is consumed
in forcing this current through a negligible resistance. The mag-
netic reactions, as well as the heating effect of such currents, may
be disastrous to the machine.

But as the induction generator, when short circuited, has no
voltage at its terminals, and can therefore receive no exciting
current, it will possess no magnetic field and will therefore
cease to generate. When such a machine is short circuited the
current will gradually fall from what the machine was delivering
to zero, at a rate depending upon the impedance of the internal
circuit, as would be the case with current in any choke coil when
the voltage of supply was withdrawn. :
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It is interesting to note that the total current which a system,
consisting of synchronous and induction generators in parallel,
may furnish on short circuit, is limited to the maximum possible
short-circuit current of the synchronous generators alone.

A synchronous generator can produce currents with leading or
lagging components as well as true energy—that is, it can supply
the so-called wattless currents, the value of which depends upon
the nature of the load to which it is connected.

The induction generator can produce nothing but true energy
currents, but at the same time it consumes continuously a
wattless lagging current required to excite its field. This latter
current is drawn from any synchronous apparatus with which it
is connected in parallel.

It is evident from the foregoing that an induction generafor
cannot supply a system with alternating current by itself if the
system requires current for light and power. This would involve
wattless lagging currents, as well as true energy currents. It
must therefore be used in combination with synchronous gen-
erators. Then all of the lagging current for the system would be
carried by the synchronous generators, as well as the lagging
current which the induction generator itself required for
excitation.

If a city has a load calling for a considerable lagging current,
it is not:wise to supply a very large percentage of induction
generator capacity because the synchronous generators have to
supply all the lagging current and they may be overloaded
thereby.

The induction generator has its greatest advantage on a
system requiring no lagging current, as in the case of rotary
converters, operated exclusively on large power stations, for
such a system would be run at.1009; power factor and the rotary
converters could thus be made to supply the exciting current
for the induction generators.

A good distinction between these two types of machines may be
made by saying that the synchronous machine generates electric
current while the induction machine generates electric power. .
That is, a synchronous generator may supply current to a.
system whether the current called for is a powerless current er'a
real power current. The induction generator, however, cam
supply only current of real power value, and no wattless current.

~
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An induction generator is, therefore, the ideal machine for con-
verting mechanical energy into electrical energy. It consumes
mechanical power and transforms the same into electrical power.
It is not dependent upon separate field excitation, speed, syn-
chronizing or any other feature.

It is, therefore, the ideal machine to float on an alternating
system. It will absorb mechanical power and change it into
electrical power in direct proportion to the amount absorbed.
Moreover, it will deliver this power at whatever voltage the
system happens to run on, and at any speed. It requires only
that the machine be driven just above that for which the system
is set by its frequency. It involves no regulation, and represents
the ideal method for converting one kind of energy into another.

Phase Advancers

In 1914 a new type of machine, called a phase advancer, was
devised for improving the power factor of induction motors.

The magnetizing field for a synchronous motor is produced by
a continuous current circulating in a winding on a rotating struc-
ture with definitely placed magnetic poles. By supplying the
structure with more ampere-turns than are necessary for the
production of the magnetic field in a machine of given size, it is
possible to produce a leading current in the stator winding.
This will compensate for lagging current in other parts of the
system. A high-power factor may thus be obtained, and with
large synchronous apparatus even a leading current may be
brought about on the entire system.

The phase advancer bears the same relation to an induction
motor that a direct-current exciter does to a synchronous motor.
But in the induction motor it is not possible to use a continuous
direct-current generator for magnetizing purposes, because the
rotor winding slips behind the rotating field of force when a
load is applied. It is, therefore, necessary to supply this winding
with polyphase currents of a low frequency which will always
correspond to the slip of the induction motor.

As usually constructed, the phase advancer consists of a
direct-current drum armature with a commutator. On the
commutator are placed three sets of brush holders for every pair
of poles, located, with respect to cach other, 120 electrical degrees

art. The stationary member is merely a frame containing an
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assembly of laminations external to the armature but without
windings.

This device is direct connected to a small cage-wound induc-
tion motor. The power required to drive it is only that necessary
to supply the hysteresis and friction losses. This amounts to
only about 1 horse power for a 500-horse power, 2,200-volt

Fi16. 893.—*Phase advancer' for im-
proving power factor in induction motor..

machine. The copper losses are supplied by the rotor of the
large induction motor.

Fig. 893 represents the arrangement of apparatus and winding
for the outfit. B is the main induction motor with a form-wound
rotor and three slip rings; C is the phase advancer connected to
its driving motor D; E is a controlling device with resistance for
starting; F is a short-circuiting switch; T represents a transformer
if the source of supply is of high voltage. The switch F is em-
ployed to short-circuit the phase advancer when the motor B is
starting. The controller E is employed for acceleration. After
the motor is up to speed, the switch F is opened.
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To understand the operation of this device, suppose that the
phase advancer is stationary and is receiving current at slip
frequency from the rotor circuit of the main motor B. Under
these conditions, the phase advancer behaves like a three-phase -
reactance, the current circulating in its winding producing a
rotating field, which revolves in space at a speed corresponding
to the frequency of the currents supplied from the slip rings.

If, now, the phase advancer is driven by the motor D in the
same direction as that in which the rotating field of force therein
was traveling, the speed of rotation of that field in space will
remain unchanged, because it is independent of the speed of
rotation of the armature. This is because the points at which
the alternating currents are led into the windings are fixed in

(e} , Rl > |
X1
X1
o2 |
Rl > E
O, )E—»l
Fic. 894. Fi1G. 895. FiG. 896.

space. The result is that, when the armature is driven in the
direction in which the field was traveling and at a speed cor-
responding to the speed of the field, the relative motion of the
field and the armature become zero. This results in the dis-
appearance of the choking effect of the three-phase reactance,
and the current in the rotor circuit of the main motor B comes
into phase with the e.m.f. generated therein. Consider the
vector in Fig. 894, where O-E represents the phase e.m.f. at the
brushes of the phase advancer and the current O-I the amperes
fed to each branch. Here R-1I is the component to overcome the
e.m.f. produced by the revolving field—that is, the e.m.f. of
self-induction. When the rotor has been brought up to the
speed of the rotating field and has overtaken it, this reactance
disappears and the impressed e.m.f. O-E comes into phase with
the current O-I as in Fig. 895.
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If now the armature is driven at a still higher speed than
that of the revolving field, the original lagging current and
what subsequently became a current in phase with the e.m.f. will
now. actually become a current which will lead the e.m.f. This
is shown in Fig. 896, where O-I is the current and O-E is the
voltage. The former angle &, which was an angle of lag, now
becomgs ®’, an angle of lead.

This; of eourse, is equivalent to a negative reactance. And
as it is in series with the rotor winding of the industrial motor
B, it neutralizes the reactance of the motor’s winding which
formerly caused the primary current to lag in phase. It there-
fore produces precisely the same effect as a condenser and im-
proves the power factor.

The stationary frame of the phase advancer which surrounds
the direct-current armature winding is really superfluous. The
machine may consist of nothing but a drum armature and a
commutator. In this case, however, the winding, instead of
being placed on the surface of the drum with open slots, would
be embedded in holes below the surface, so that the conductors
are entirely surrounded by iron. This provides an external path
or the flux around the winding.

The low-frequency alternating currents supplied by the slip
rings of the main motor induce a magnetic field which slowly re-
volves in space, while the rapidly revolving armature conductors
cut across this field and generate the required leading e.m.f.
The field flux of the phase advancer can be readily maintained
at precisely the required low frequency due to the slip of the
rotor on account of the fact that the phase advancer has no
definite poles and runs at no definite speed. The point is that
the field of the phase advancer is an induced field and the current
which induced it is at the slip frequency of the rotor of the
induction motor, and therefore the field flux must be at that
same slip frequency.

The phase advancer therefore becomes, in effect, a phase
booster, the e.m.f. of which accelerates the current in the rotor
structure of the main motor.

Phase advancers are usually constructed, however, with an
external stationary frame. This permits the use of open slots
on the drum armature and insures more satisfactory com-
mutation.

~ ™
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While phase advancers for large machines are usually driven
by small direct-connected induction motors, it is entirely pos-
sible to belt them direct to a pulley on the main machine. It is
entirely practical to apply the phase advancer to any induction
motor now in service, provided it has a wound rotor and slip
rings. The power factor may be corrected to 1009, with a
variation of from 25 to 1509, load.

If a new induction motor is to be designed to be operated with
a phase advancer, it can be made considerably smaller than
without. Because of the less material involved, the power
factor would be lower. When the phase advancer is used this
defect is promptly corrected. In fact, the saving in first cost
of the large motor would pay a large part of the cost of the
phase advancer. If a machine with a high power factor is de-
sired, it is cheaper to build one in which there is a large amount
of iron and a small amount of copper and employ a phase
advancer than it would be to build a machine in which there was
a small amount of iron and an excess of copper without a phase
advancer. A 1009, power factor cannot be obtained in an
induction motor unless a phase advancer or equivalent device is
employed. .

The losses in a small motor and phase advancer would gener-
ally be low; therefore the power required to drive a small motor
and phase advancer would be less than that required to drive
a large machine of the same rated capacity without a phase ad-
vancer. The phase advancer can be applied to an induction
motor of any size.

Another feature of this device is the compensation for the
reactance in ar induction motor as it affects the maximum out-
put. By bringing the current and e.m.f. into phase, the capac-
ity of the machine is considerably increased. In fact, if a
phase advancer is applied to an old machine, the horse-power
output can readily be increased 259, and the power factor im-
proved besides.

In the design of induction motors a respectable power factor
can only be secured by making the clearance between the stator
and rotor exceedingly small. When a phase advancer is em-
ployed, however, the inherent power factor of the motor does not
have to be considered, and the clearance can be considerably
increased.
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The phase advancer is designed especially for induction motors
which run in one direction and operate continuously. If the
machine is to be started and stopped frequently, or operated at
variable speed, or reversed, it is not practical to use a phase
advancer. Its greatest field of usefulness is for large, slow-speed
induction motors having an inherently poor power factor, and
especially where such machines run all the time and at partial
loads. In many large cities the feeders are so heavily loaded
that no additional power can be transmitted. If a phase ad-

F1G. 897.—General Electric phase advancer for 600 K.W. induction motor
with type K. T. driving motor.

vancer is introduced on a few large induction motors, the condi-
tion is appreciably relieved.

The general appearance of a phase advancer designed by the
General Electric Company is shown in Fig. 897.

As an illustration, a 30-K.V.A. phase advancer is capable of
changing the power factor of a 1,300-K.V.A. motor from 887
lagging to 959 leading. That is equivalent to saying that the
motor, instead of requiring a lagging wattless current amounting
to 600 K.V.A., will actually relieve the generating system of a
wattless load of 400 K.V.A., making a total change in the watt-
less load of 1,000 K.V.A. to the good.
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SECTION XVI CHAPTER VIII
SPECIAL A. C. GENERATORS
INDUCTION GENERATORS

1. Explain the construction and principle of operation of an “induction
generator.”

2. Upon what does the output of an induction generator depend? What
will be the effect upon the output if the line voltage is changed?

3. What determines the voltage and frequency of the delivered power
of an induction generator? What will be the effect if the speed of that
-machine is changed?

4. (8) What kind of a machine is required to excite an induction gen-
erator ?

(b) How is the voltage regulation effected?

5. For what kind of service would an induction generator be used and
what advantages are gained from its use?

6. (a) Explain the construction and purpose of a “phase advancer.”

(b) What is the principle upon which it operates?

7. What is the effect upon the power factor and output of an induction
motor designed for operation without a phase advancer if a phase ad-
vancer is employed?

8. What is the effect upon the size and cost of an inducticn motor
designed for operation with a phase advancer compared with one designed
for operation without?

.



SECTION XVII

SYNCHRONOUS CONVERTERS
PRINCIPLES

It frequently happens that the nature of the current received
from a source of supply is not suitable for the work to be done.
All devices for changing A. C. to D. C. or D. C. to A. C., with or
without an accompanying change in voltage, are termed current
reorganizers.

The earliest device of this kind was a revolving commutator.
Consider a two-pole synchronous motor running 3,600 r.p.m. on a
60-cycle circuit. In addition to the circuits required for its
operation, let there be two slip rings connected to two half-seg-
ments of metal insulated from each other. If alternating current
is delivered to the slip rings, a rectified direct current will be
obtained from the brushes on the segments, for the connections
between the slip rings and the brushes on the segments reverse
with each alternation. Such commutators have the advantage of
implicity, efficiency and cheapness. They are possible in small
sizes only, however, for sparking becomes a certainty if any con-
siderable amount of energy is to be handled. The direct current
is disjointed and far from continuous. The voltage is fixed by
that on the A. C. side. While some of these devices are still
in use for changing A. C. to D. C. for operating arc lamps in con-
nection with moving picture projecters, the majority of such
commutators have been abandoned because of their unsatisfac-
tory operation.

The most natural way to get direct from alternating current
is to use a motor-generator. Two machines, one an alternating-
current motor and the other a direct-current generator, can be
belted together even though the voltages and speeds differ
widely. A better method is to have the machines designed for
the same speed and mounted on the same bed plate with their
shafts directly connected. Depending on the size, such outfits
will have an efficiency ranging from 65 to 909,

For certain classes of work there is an advantage in the ma-
chine known as a dynamotor. This consists of a single field
structure carrying onc winding, within which there revolves an

216
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armature carrying two windings. One of these windings ter-
minates in a commutator and the other in a pair of slip
rings. Any ratio of transformation desired may be had in the
original design, but once this ratio is established it cannot be
altered. The field winding is excited from the D. C. brushes.
The machine is chiefly used for transforming 110 volts D. C. to
75 volts, 15 cycle, A. C., for the purpose of ringing telephone
bells from central exchanges. An interesting feature of this
machine is that there is very little field distortion. As one
winding acts as a generator and the other as a motor, the ten-
dency for the armature reaction on the one is approximately
balanced by that of the other and the field is practically undis-

Fi1G. 898.—Principle of rotary converter.

torted. The brushes may therefore rest on the theoretical
neutral at all times. This machine is cheaper to begin with and
more efficient in operation than a motor-generator set.

The most widely used device for changing A. C. to D. C. is
the rotary or synchronous converter. This machine is so named
to distinguish it from the static or stationary transformer which
has no moving parts. The dynamotor resembles a static trans-
former in its armature in that it contains two windings on
the same core. The synchronous converter resembles the auto-
transformer in this particular as it contains but one winding
which is common alike to both sides of the system.

The rotary converter is primarily a D. C. generator, fitted
with slip rings. If it was a single-phase machine with a bipolar
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field, its construction would be as shown in Fig. 898. A ring
armature winding is here shown for simplicity, but in practice the
winding is always of the drum type. This winding terminates at
the commutator on which rest the brushes B-B’. On an exten-
sion of the commutator and insulated therefrom, or elsewhere on
the shaft wherever convenient, are placed two slip rings D-D'.
One of these is tapped to a commutator segment E’ and the other
to a segment E. Upon these slip rings rest the brushes C-C'.
The field winding, not shown, is connected in shunt with the D. C.
brushes B-B’. If alternating current is supplied through the
lines A-A’, it will flow via the circuit A-C-D-E’-B’-F’ and thence
through the direct-current circuit back to F-B-D’-C’-A’. At this
particular instant, and twice in each revolution of the armature,
the A. C. circuit is metallically connected with the D. C. circuit

!

D.C.=500

[ 't

F1G. 899.

through slip rings and segments without any of the armature
winding intervening. The difference of potential on the D. C.
side between the lines F-F’ will therefore be equal to the maxi-
mum height of the A. C. wave impressed upon A-A’. This
point on the curve shown in Fig. 899 is A-C, and this voltage is
impressed on the D. C. side. If the maximum height of the
A. C. wave is 500 volts, then 500 volts will be measured on a
D. C. voltmeter across F-F’, but an A. C. voltmeter across A-A’
indicates only the virtual voltage which, in a single-phase sys-
tem, would be 0.707 of the maximum height of the A. C. wave, in
this case approximately 350 volts. This ratio tetween the A. C.
and D. C. voltages is practically fixed within very narrow limits.
Thus, while in a motor-generator the voltage ratio may be differ-
ent and variable at will, in a dynamotor the voltages on the two
sides may be different, but, once having been fixed, they cannot
be altered; in the synchronous converter they are fixed to begin
with.

P
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At the same time that the current flows from the A. C. circuit
to the D. C. by the path mentioned, another current will flow
through the armature winding from A-A’ via the following
circuit: A-C-D-E'-G'-K'-G-E-C'-A’ and A-C-E'-H'-K-H-E-C'-A’.
At this instant the armature acts as a motor and rotates under
the impulse of the current thus received. A quarter of a revolu-
tion later the segment E’, with its tap to the ring D, will have
moved to the point K, and the segment E, with its tapping point
to the ring D’, will have moved to the point K’. At that instant
the e.m.f. wave has fallen to zero as pictured at E-F, Fig. 899.
The alternating-current wave now being zero, the delivered e.m.f.
from the brushes B-B’ must be wholly due to generator action,
and the machine becomes a generator running by the momentum
which it acquired from its boost as a motor, a quarter of a revolu-
tion earlier. Therefore in a single-
phase bipolar machine the arma-
ture reverses its functions from
motor to generator every quarter
of a revolution. At all interme-
diate points other than those just F16. 900.
referred to, the armature is partly
a motor and partly a generator at the same time. Thus in
Fig. 900 consider that the coil G’ has rotated half-way to the
position K. At that point the A. C. wave may be supposed
to have fallen to the point shown by the line F-G. As the
secondary e.m.f. must be maintained at the maximum value of
the A. C. wave, the coils on the armature must generate the
difference between what the A. C. source furnishes and what
the D. C. line requires. Thus if the A. C. source supplied the
voltage G-F, the armature winding must supply the balance
F-E. The current from the A. C. source converts part of
the armature winding from the tapping point upward into a
generator, while the portion from the tapping point downward
acts as a motor. The actions in the various coils differ, de-
pending on their relative positions with respect to their tapping
points between slip rings and commutator segments. The
actual currents in these windings differ widely.

The conditions may be shown more clearly in Fig. 901. Let
A represent the armature of the rotary and E-F and B-G the
two paths through it. In the position shown in Fig. 898, where
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the tapping points from the rings under the A. C. brushes are in
contact directly with the segments under the D. C. brushes, the
current from the A. C. source will flow from L, Fig. 901 directly
to M, on the D. C. side and thence through the load and back

- L
—< A.C.

€ > AC. o

Fi1G. 901,
from N to the A. C. side, 0. At the same time the two parallel

paths through the armature carries current through E-F and B-G
in multiple from L. of the A. C. source to O, and the machine oper-

—¢

A.C.
GENERATOR
- 3 A.C.

Fi1G. 902.

ates as a motor. This condition exists when the A. C. wave is at
its crest, indicated at the point P. If now the armature in Fig.
898 be rotated until the coil H’ reaches the point K, and the coil
G reaches K’, the conditions will be as shown in Fig. 902. Here
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the A. C. wave has reached zero, as is shown at P in Fig. 902.
The action is now wholly that of a generator, and there being no
difference of potential between the A. C. lines at this instant, a
current flows through the two parallel armature paths F-E and
G-B to the direct-current circuit and return. For an inter-

AC.

PART MOTOR

> PART GENERATOR
- I
FiG. 903.

A.C.

mediate position of the armature, the relation of the tapping
point for the A. C. brushes with respect to the D. C. brushes may
be pictured by Fig. 903. The point on the A. C. wave is again
shown on the curve at P, midway between the crest and the zero
point. Part of the winding, B-H, now becomes a generator,
supplying to the D. C. circuit what the A. C. wave lacks, the re-

Fic. 904.

maining, G-H, acting as a motor. Likewise the portion F-K
becomes a generator and the portion, K-E, a motor. The change
from the generator action in Fig. 902 to the motor action in Fig.
901 is accomplished gradually and continuously.

The actual current that flows in the various coils of a rotary
armature differ from each other at any instant, depending on
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their distance from the tapping point of the A. C. rings. Thus
take the current in the coil, K, Fig. 898, which is midway between
the two tapping points for the slip rings. The direct current in
this coil is of continuous value throughout a half revolution and
only reverses when said coil passes under the direct-current
brush. Let this current be represented by the line A-D-E-F,
Fig. 904. The alternating current in this portion of the arma-

FiG. 90s."

ture, which includes the coil K, will ' be a maximum when the
armature is in the position shown and will become zero when the
coil K passes under the brush B—that is, the alternating current
in the coil K will reverse at the same instant as the direct current.
As the alternating current is that due to motor action and the
direct current due to generator action, these two are in the oppo-
site directions, hence the alternating current in this coil may be
represented by the curve A-C-F. The current which would
really circulate in the coil will be the net difference between these

A.C.

D.C.
FiG. 906.

two and may be computed by adding the ordinates representing
the two separate currents. The result of so combining the cur-
rents will give the curve shown in Fig. 905. It will be noticed
that the average of these two currents is much less than that
represented by the direct-current wave alone, hence the heating
effect, which is proportional to the square of the current, will be
less for that particular coil than if the machine were acting as a
generator. The coils on either side of K closer to the tapping
points will not have their direct currents pass through zero at
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the same time as the alternating current. Thus another coil
such-as the one at L, reversing its direct current at a different
time from the reversing of the D. C., would have its zero point
pictured at A, Fig. 906, while the direct current would reverse at

FiG. 907,

D. Combining these two values gives a resultant current in
Fig. 907. As the tapping-in point is approached the average
current in each coil becomes greater. Thus a coil still nearer
such a point, as at M, Fig. 898, would have a direct current in it

\B A.C.

A_ A

D

D.C.

FiG. 908,

which would reverse at the point B, Fig. 908, of the same value
as the alternating current D-B. Adding these ordinates gives
the line C-F, Fig. 909, and shows to what an extent the current
may rise when A. C. and D. C. values are in the same direction_

F1G. 909.



224 Theoretical and Practical Electrical Engineering

The resultant current in each of the coils is therefore different,
and a different heating effect is produced, the coils near the
tapping point heating considerably more than the coils in the
vicinity of K. However, as the number of phases and the
number of tapping points increase, the heating effect becomes
more uniform and the current passes more directly from the A. C.
source to the D. C. circuit without being obliged to pass so far
through the armature winding. The average heating effect
therefore falls, and the capacity of the machine as a rotary com-
pared with its capacity as a D. C. generator increases. In a
single-phase rotary the sum of the heating effects in the arma-
ture winding is greater than the heating produced in the same
machine operating as a generator, because the maximum value
that the combined currents reach in the coils near the tapping-in
points is very much higher than the direct-current generator's
current alone.

SECTION XVII CHAPTER 1
SYNCHRONOUS CONVERTERS
PRINCIPLES

1. Explain the principle of the rectifying commutator for changing
A. C. to D. C. Is it reversible? What are its advantages and disad-
vantages? ’

2. Explain the advantages and disadvantages of a motor-generator set
for changing A. C. to D. C. Is it reversible?

3. Explain the construction of a “dynamotor.” What are its advantages
and disadvantages? How great is its armature reaction?

4. Explain the principle of the “rotary” or “synchronous” converter.
How is it constructed? Sketch.

5. What are the e.m.f. and current ratios between the A. C. and D. C.
sides of a single-phase converter?

6. Explain under what conditicns the synchronous converter operates:
(a) Wholly as a motor. (c¢) Partly as a motor and partly as
(b) Wholly as a generator. a generator.

(d) Sketch three A. C. em..f waves, and mark on each the point rep-
resented in one of the three above conditions.
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SYNCHRONOUS CONVERTERS
CONNECTIONS

The kilowatt capacity of machines when operated as direct-
current generators and rotary converters respectively is given in
the following table:

Kilowatt Capacity Ratios

Continuous D. C. generator.............. 1009,
Single-phase rotary...................... 85%
Two-phase rotary............. ......... 1649,
Three-phase rotary...................... 1349
Six-phase rotary......................... 1969,

Here it will be observed that a machine having an output of
100 kilowatts as a D. C. generator would only transform 85
kilowatts as a rotary converter. If, however, the machine were
connected up as a two-phase rotary, its capacity would be in-
creased to 164 kilowatts. A three-phase rotary has a somewhat
smaller capacity because there are only three tapping points to
the armature, while in a two-phase there are four. The greatest
capacity of all is obtained in a machine connected as a six-phase
rotary. Such a machine will transform 196 kilowatts as com-
pared to its direct-current rating of 100 kilowatts as a generator.

Early rotaries were designed for 25 cycles. In later years
it was possible, by improved design, to build large rotaries for 60
cycles. The difficulties which prevented them being so operated
before were troublesome commutation and high speed. A rotary
must necessarily be multipolar in construction, in order to oper-
ate on a given frequency at a permissible speed. This is par-
ticularly true if the machine is of large size. Otherwise the
peripheral velocity will be too great. In large sizes the spacing
between points of opposite polarity on the commutator is not
sufficiently great unless the commutator is made of large diam-
eter. With great diameters, high commutator velocity results.
At the present time a commutator velocity of 5,000 feet per
minute is possible and a spacing of about 714 inches between
brushes of opposite potential. This represents about the maxi-
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mum safe commutator velocity and the minimum spacing
between brushes that is considered practical.

Single-phase rotaries are seldom, if ever, designed save for
welding and a few other special operations. Rotaries are two
phase, three phase and six phase. If capacity alone is to be
considered, the six-phase rotary has a decided advantage over the
three-phase and two-phase machines, and the winding is in no
way different from any other machine. The only difference in
construction is in the number of slip rings and the tapping points
from these rings into the winding. - Three-phase rotaries employ
three slip rings; two-phase, four rings; and six-phase, six rings.

Transformer Connections to Rotaries

Fig. 910 shows the connections between two single-phase
transformers supplied with two-phase currents and the con-
nections of the low-tension windings to a rotary armature. For
\ | convenience, the armatyre is pictured as
-------- a circular Gramme ring winding, and it
is assumed that it is placed in a bipolar
field. The transformer terminals 1-1,
for the first phase, connect to brushes
which are placed upon slip rings which
tap points 1’-1’ diametrically opposite to
each other in the armature winding.
Terminals 2-2, of the second phase, lead
P Fic. 910.— Theoretical t© Drushes 2’-2" which in turn rest upon

connections between trans- slip rings which tap two diametrically
igﬂt;‘r;“wn:‘;fter;‘m‘?hm opposite points in tl3e armature winding,
these two latter points being 90° away
from the first two points. Should the rotary have four poles
instead of two, each of these rings would tap at one additional
point, and the number of tapping points for each ring would
increase directly with the number of pairs of poles in the rotary.
Fig. 911 represents three single-phase transformers with the
low tensions connected in A, these terminals leading to three
points 120° apart in the armature winding. Fig. 912 shows the
same arrangement save that the transformer secondaries are in
Y instead of in A.
A six-phase rotary is shown in Fig. 913. This machine
differs in no way from a three-phase machine save that it has
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six rings tapped into the armature winding 60 electrical degrees
apart instead of 120. The three secondaries of three trans-
formers, supplied with three phase on their high-tension wind-

Fi1. 911.—Theoretical connec- . F16. 912.—Theoretical connec-
tions between A-connected trans- tions between Y-connected trans-
formers and three-phase rotary formers and three-phase rotary
converter. converter.

ings, are connected separately to the brushes on the slip rings;
thus phase one has its terminals 1-1’ led to the brushes 1-1’ on
the rotary which are 180 electrical degrees apart. Hence the
term diametrical connection. Phase two connects to two of the
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F1G6. 913.—Theoretical connections be-
tween transformers and diametrically
connected six-phase rotary converter.

points diametrically opposite each other but 60° away from the
first set, while phase three likewise connects to two diametrically
opposite points each of which is 60° removed from each of the.
preceding tapping points. This is a widely used connection.
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A six-phase Y connection is shown in Fig. 914. This differs
from Fig. 912 in that each of the three transformers is provided
with two secondary windings. The two sets of secondaries are
independently connected up in Y. The terminals of the first
set are connected to points 1, 2 and 3, 120° apart, and the termi-
nals of the second set are connected to the points 1/, 2’ and 3,
also 120° apart and each removed 60° from the preceding set.
In both of these connections, three-phase currents, 120° apart
in the transformer, are split in the rotary into six-phase currents
60° apart in phase. Further, the two sets of secondary windings

SRR Y R —

[ e

F16. 914.—Theoretical connections be-
tween transformers with duplicate second-
aries and six-phase diametrical rotary
converter.
in Fig. 914 may be connected in A for six-phase operation as well
asin Y.
Voltage Ratios of Rotaries
The potential ratios of rotary converters are practically
fixed. They are subjecct to slight variations, however, depending
upon, first, the kind of A. C. employed—that is, whether it be
two, three or six phase; second, upon the shape of the e.m.f.
wave, whether it be flat top or peaked; third, on the construction
of the rotary, particularly upon the percentage of armature cir-
cumference embraced by the pole picces; fourth, the resistance of
the armature winding on the rotary; fifth, the operating condi-
tions such as brush position, the method of excitation and
whether the rotary is used to convert A. C. to D. C. or D. C.
to A. C.
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The no-load voltage ratio of a rotary converter may be ex-
pressed as follows. The maximum A. C. voltage has the same
ratio to the D. C. voltage as the length of the chord which sub-
tends the arc made by the adjacent A. C. taps bears to the diam-
eter of the circle. To illustrate, in a single-phase machine the
A. C. taps are 180° apart and therefore the chord of that arc is
equal to the diameter and the maximum A. C. and D. C. volt-
ages are the same. If the rotary be three phase the connections
of the A. C. taps on the windings are 120° apart. The length of
the chord is 0.866 of the diameter, and the maximum A. C.
voltage is 0.866 of the D. C. voltage. Suppose in the six-
phase diametrical the taps are 180° apart on the A. C. side, then
the relations are the same as on single phase, while in six-phase A
the connections are 120° apart as in three phase and the relations
the same as in that case. In all cases the A. C. voltmeter reads
less than the maximum, and the amount will depend upon the
shape of the A. C. wave. With a sine wave, it will be 0.707 of
the maximum.

The following table gives the no-load ratios for voltages of
rotaries compared to the voltage of the same machine as a D. C.

generator, -
Continuous, D. C........................ 1009,
Single phase, A. C....................... 71.59,
Two phase, A. C...........oooiiiiii., 71.5%
Three phase, YorA........... R 619,
Six phase YorA........................ 61%
Six phase ‘“‘diametrical”............ ..... 71.5%

It will be observed that the 70.79, theoretical is increased to
71.5%. This is due to the shape of e.m.f. wave and percentage
of armature circumference embraced by poles.

The full-load ratios differ somewhat, and the following table
shows the extent to which the A. C. voltages must be increased
in order to deliver the correct D. C. voltage.

Continuous, D. C...................... 100.09%
S50E........ 72.59,
Two phase and six phase {250 E........ 73.0%
125E........ 73.59,

‘ SS0 E 62.09
Three phase and six phase Y or A{250 E 62.5%,
|125E 63.0%
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It will further be noted that the A. C. voltage has to be in-
creased in proportion as the D. C. voltage is lowered. This is
because the losses in low-voltage rotaries are higher in propor-
tion than in high-voltage rotaries.

Current Ratios of Rotaries

The current ratios will in general be the inverse of the voltage
ratios. The following table illustrates this.

Continuous, D. C................ .. .... 100.09%
Single phase................cccoiiunnn 141.09,
Twophase...........covviivnveeenn.. 70.79%
Three phase................... ... 94.3%
Sixphase.........cooiiiieiiiiii, .. 47.29

Here the single-phase current input must be practically
double or 1419, of the single-phase voltage, which would theo-
retically be 70.7%,.

The three-phase current input in each wire is nearly equal to
the direct-current output. The six-phase machine receives in
each of the six wires at 1009, power factor approximately one-
half of the current on the D. C. side.

SECTION XVII CHAPTER 1I
SYNCHRONOUS CONVERTERS
CONNECTIONS

1. What are the relative k.w. capacities of various synchronous con-
verters compared to the capacity as a direct current generator?

2. Why is the capacity of a single-phase converter less than, and the
capacity cf a polyphase converter more than, the capacity of the same
machine as a D. C. generator?

3. Why is the capacity of a six-phase eonverter greater than that of
a three-phase converter? .

4. Sketch suitable connections between single transformers and a two-
phase converter.

5. Sketch suitable connections between single-phase transformers con-
nected in A and a three-phase converter.

6. Sketch connections between three single-phase transformers connected
in Y and a three-phase converter.

7. Sketch connections between three single-phase transformers con-
nected to a six-phase diametrical converter.
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8. What are the relative voltages which must be impressed upon the
A. C. side of various converters to give 100 volts on the D. C. side, at
no load.

9. What are the various voltages which must be impressed upon the
A. C. side of different converters to deliver 100 volts on the D. C. side
at full load? Why the difference?

10. What are the relative currents in each wire leading to the A. C.
end of different types of converters in order to deliver 100 amperes on
the D. C. side?



SECTION XVII CHAPTER III
SYNCHRONOUS CONVERTERS
D. C. VOLTAGE REGULATION

As the ratio of the A. C. to D. C. voltage of a converter is
naturally fixed, when a variable D. C. e.m.f. is required the
rotary converter as originally designed is not suitable.

There is some slight inherent regulation in a rotary due to the
reactance of the armature, which tends to help the D. C. voltage
under increase in load, but this is obtained by a sacrifice of the
power factor.

There are five principal methods of varying the D. C. e.m. f. of
rotary converters.

Phase Control.—The first is by phase control. This consists in
inserting an external artificial reactance in series between the
low-tension side of the transformer and the A. C. brushes on
the slip rings.

The e.m.f. of any machine is proportional to the product of
three quantities, flux, conductors, and speed. In a direct-cur-
rent generator, driven at a constant speed, the e.m.f. will vary
with the flux, which in turn is varied by the field excitation. In
a rotary converter the speed is constant because the machine is
a synchronous motor. The number of conductors is of course
constant. The flux cannot be varied by varying the field excita-
tion, as in a direct-current machine, for any alteration of the
field excitation results in permitting a current to circulate in the
armature in such a direction as to either supplement or oppose
this excitation, with the result that the total magnetic flux
remains unaltered.

It must be remembered that in an A. C. generator, a lagging
current caused a weakening of the field and a leading current
tended to strengthen the field. In a synchronous motor, the
magnetic reactions are reversed.

If the excitation of a synchronous motor or converter is such
that the current and e.m.f. are in phase as in Fig. 915, the cur-
rent which flows in the armature will oppose the flux during a
part of the cycle and aid it during another portion of the cycle,
with the result that the average magneto-motive-force of the

232
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armature, with respect to the pole, is zero. Assume that the
current circulating in the field produces 60 units of magneto-
motive-force and that this causes 60 lines of force to pass through
the armature. If now the excitation of the field is weakened to
30 units as in Fig. 916, the current entering the armature will
lag with respect to the e.m.f., and this current will circulate

e — r\/\—-’ e
9 30 M.MF 60 M.M.F 80 M.M.F
mlM.M.F IN OIM.M.F wTM.M.F
6 ¢ 60 ¢ 6 ¢
FiG. 916. Fi1G. 915. Fi1G. 917.
With under-excitation, current lags; The flux, due to armature m.m.f. plus
With over-excitation, current leads. field m.m.f, is always constant.
In an Alternator In Rotary Converter or Synchronous Motor
A lagging current bucks the flux; A lagging current boosts the flux;
A leading current boosts the flux; A leading current bucks the flux.

in such a way as to produce 30 units of magneto-motive-force
which supplements that of the field, producing a total of 60 as
in the first case. This will bring about the same 60 magnetic
lines of fO.l;CG as before. If, however, the field excitation is in-
creased to 90 units of magneto-motive-force as in Fig. 917, the
current entering the armature will lead with respect to the e.m.f,
This current will circulate in such a manner as to develop 30

D.C.

LOAD

D.C.

Fi1G. 918.—Phase control of the D. C. voltage of a rotary con-
verter by reactance in the A. C. circuit cooperating with a com-
pound winding on the D. C. field.

units of magneto-motive-force in opposition to the field. The
net difference will, however, still be 60 units and will produce the
same 60 magnetic lines of force. Thus the flux due to the geo-
metric sum of the armature’s magneto-motive-force and the
field’s magneto-motive-force is always a constant quantity.
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‘A series winding on a rotary converter provides a means of
automatically varying the magneto-motive-force of the field in
proportion to the direct-current load.

If an alternating current on its way to a compound rotary
converter from the low-tension winding of a transformer, Fig.
918, flows through an inductance L, the voltage which reaches
the slip rings will either be diminished or increased, depending
on whether the current in this inductance lags or leads with
respect to the transformer’s e.m.f. As has already been ex-
plained, the variation of the excitation of a rotary can be made
to bring about this alteration of phase relation of current and
e.m.f. If the excitation of the rotary is small, then the incoming
current will lag behind the e.m.f. This current will induce, in
the coil L, an e.m.f. which is 90° behind the current. Thus in
Fig. 919,!if'A-B is_the_voltage delivered by the transformer and

e
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A-D is the current lagging ¢° behind it, due to the under-excita-
tion of the rotary, and A-E is the inductive voltage due to L,
90° behind the current, then the voltage which reaches the slip
rings will be the vector sum of A-B due to the transformer, and
A-E, due to the inductance, or A-C.

If, however, the excitation of the rotary be increased as by
the application of a load and its consequent effect upon the
series winding, then the condition will be as in Fig. 920. Here
the current A-D leads the transformer’s voltage, A-B, by the
angle ®. The voltage of the inductance coil L now swings into
the position A-E still 90° behind the current, but this voltage is
now in the same general direction as that of the transformer A-B
instead of opposed toit. The vector sum of A-E and A-B is now
A.rT  Acthe increase in excitation of the rotary is brought about

lirect proportion to the load, the length of .the line
he voltage on the A. C. slip rings which also rises
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directly with the load. Thus while, as has been already pointed
out, the ratio of the rotary itself is practically fixed, the applied
voltage to the slip rings can be varied and the D. C. voltage
thereby changed.

Shunt excited rotaries are best adapted for lighting loads.
The rheostat in the field circuit should be adjusted to give a
minimum A. C. input at full D. C. load. The power factor will
then be practically 1009, for all loads and the delivered e.m.f.
constant. Shunt rotaries are not adapted for cases where there
are likely to be sudden and violent changes in the load as the
delivered e.m.f. will fall due to drop in the whole system. Com-
pound rotaries are therefore preferable, especially in railway
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systems and other variable load work that involves a low load
factor.

To sum up the features of phase control, the following facts
may be stated:

1. A series winding on the rotary automatically changes the
ampere-turns applied to the field.

2. Varying the field ampere-turns means varying the mag-
netizing component of the alternating current received by the
slip rings, causing said current to lead when the ampere-turns
are more than normal, Fig. 917, and lag when they are less than
normal, Fig. 916. :

3. The e.m.f. across the inductance L, Fig. 918, in circuit
reduces the e.m.f. of the transformer arriving at the rotary when
the current lags, Fig. 919, and increases the e.m.f. reaching the
rotary when the current leads, Fig. 920.
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4. The conditions for compounding in a rotary are:

(a) A series winding on the rotary connected to aid the shunt
winding.

(b) Inductance in circuit between the A. C. generator and the
rotary.

5. The series field on the rotary does not increase the D. C.
e.m.f. directly as in a D. C. compound generator but indirectly
through cooperation with inductance in the supply circuit.

To properly adjust the compounding of a rotary, proceed as
follows: With a reactance capable of producing a variation of
15% of the transformer’s voltage, from no load to full load
inserted at L, Fig. 918, the shunt excitation of the rotary should
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be adjusted by means of the field rheostat so as to bring about a
lagging current of between 20 and 309, of full-load current at
no load by under-excitation.

The series field should then be adjusted to give a slightly
leading current at full load. Under these conditions the power
factor will be approximately 409, lagging at 12.59, normal load
and in the neighborhood of 98.59, leading at 1509 normal load.
These adjustments lower the e.m.f. impressed on the rotary
at no load and raise it at full load enough to compensate for
all losses in the system, and thus deliver a constant D. C. e.m.f.
‘at all loads. The range of phase control is limited to about 49
above and 49, below the no-load and full-load D. C. voltage.
It is not practical to over-compound as in D. C. generators.

It is obviously not possible to so adjust the excitation of a
rotary that the power-factor will be 1009, on both the trans-
former and the converter. Referring to Fig. 921, if the excita-
tion for any given load is adjusted so that the current A-D is in
phase with the transformer’s voltage A-B, it will be.out of phase
with the voltage A-C at the rotary’s rings by the angle ®. If
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the adjustment is made so that the curgent takes the position
A-D’' in phase with the rotary’s voltage A-C’, it will be out of
phase with the transformer’s voltage A-B by the angle ¢’
The angles ® and ¢’ will increase with an increase of the induct-
ance in the A. C. lines leading to the rotary's rings.

Control by Dial Switches.—The second method of varying the
voltage at the slip rings of a rotary is by means of dial switches
connected to taps on the high-tension side of transformers.
This plan is not much used, as the switching involved is com-
plicated and the number of taps excessive. Moreover, there is
danger of short-circuiting sections of the windings in altering
the connections between adjacent taps. _

Control by Induction Regulator.—The third method of A. C.
voltage control is by means of an induction regulator. This
consists of a polyphase transformer in which the inductive rela-
tion of the primary to the sec-

ondary is changed by mechani- T

cally shifting the primary. It

avoids the necessity of switch- (]
ing and gives a perfectly

smooth variation of A. C.

voltage. R

Fig. 922 shows such a regu- e—@
lator in a simplified form for a
single-phase rotary. Here cur-
rent from the low-tension wind- voila(;;:: 2?2,'075,‘;"2;‘,’1".;{; hrfy E];a‘,f;
ing of the transformer T passes of induction regulator in the A. C.
through the induction regulator cireuit.
on its way to the rotary. The secondary of the induction regulator,
S, is in series between the transformer and the rotary while the
primary P is in shunt therewith. The primary is excited at con-
stant line voltage. By changing the position of the primary, the
secondary voltage is changed in value and in phase relation with
the line voltage with which it adds vectorily. The line voltage
may therefore be raised or lowered by any amount within the
capacity of the secondary e.m.f. As the secondary e.m.f. may
"be made to either buck or boost the line voltage, the total range
in voltage reaching the rotary is equal to twice the voltage of the
secondary winding. Thus if the transformer furnishes 300 volts
and the secondary winding of the induction regulator furnishes
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100, when the position of the primary is such as to cause these
voltages to buck, the rotary receives 300 minus 100, or 200 volts.
When the primary is shifted so as to cause these 100 volts to aid
the transformer, the rotary receives 300 plus 100, or 400 volts.
The usual range is about 159, above or below normal.

The rotation of the primary is effected by means of a small
geared -motor on top of the induction regulator. This motor is
operated by alternating current controlled through the medium
of a contact making voltmeter on the D. C. side of the rotary.
If the load on the rotary increases, the voltmeter connects the
pilot motor in circuit so as to move the primary of the regulator
in such a direction as to raise the voltage. If the voltage on the
D. C. is too high, the voltmeter puts the pilot motor in circuit

po'F=" cccifF— —
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Fic. 923.—Control of the D. C. voltage of a rotary converter by
means of a synchronous booster in the A. C. circuit.

so as to rotate the primary of the regulator in the reverse direc-
tion, and the voltage delivered to the slip rings is lowered.

Figs. 764 and 765, pages 79 and 80 illustrate the actual con-
struction of a General Electric Induction Regulator. The dis-
advantages of the induction regulator method of control are
high first cost, the large amount of floor space required, and
the complication of wiring and control. Because of these dis-
advantages, this type of control has been largely superseded by
the synchronous booster type.

A. C. Voltage Control by Synchronous Boosters.—This method
consists in placing a small synchronous alternator on the same
shaft with the rotary converter in order that it may run at syn-
chronous speed, or the booster may be driven separately by a
synchronous motor. Fig. 923 shows the usual arrangement.
Here the A. C. supply is led through an external stationary
armature of the booster B and thence to the slip rings C-C’-C”’
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of the rotary S. The D. C. end of the rotary supplies the D. C.
load and also the field of the rotary and the field of the booster.
The excitation of the rotary is adjusted by the rheostat R’.
The field of the booster revolves and contains the same number
of poles as the stationary field of the rotary. It is supplied with
current through slip rings D-D’. The excitation of the booster
is adjusted by a reversing rheostat R. It is evident that by
varying the excitation of the booster, or by reversing it, the
voltage of the A. C. source may be increased or diminished on

F16. 924.—Westinghouse six-phase synchronous booster type of rotary
converter.

the rotary rings. If the A. C. supply furnished 250 volts and
the maximum e.m.f. of the booster was 50 volts, then with the
booster’s voltage aiding it the slip rings would receive 300 volts,
while with its voltage opposing the supply, the slip rings would
receive only 200 volts. A six-phase synchronous booster type of
converter with revolving armature, manufactured by The West-
inghouse Company, designed for 60 cycles and having a direct-
current capacity of 8,000 amperes, is shown in Fig. 924,

In large units the booster is usually of the revolving armature
type and placed inside the main shaft bearings. In small units
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it is usually necessary to place the booster outside the main bear-
ings for mechanical reasons. In this case the booster is of the
revolving field type.

If the rotary is provided with interpoles it is necessary with
synchronous booster control to alter the ampere-turns on the
interpoles when the excitation of the booster is altered or re-
versed. This is due to the fact that when the booster’s voltage
aids the line, the machine is a generator and absorbs power
mechanically from the rotary to drive it. When its voltage
opposes that of the line, it acts as a motor and aids in driving the
rotary. The armature reaction of the rotary under these two
extremes would therefore be different, and the interpole winding
which takes care of this matter must be adjusted accordingly

F1G. 925,—Split-pole converter.

A very satisfactory control has been obtained by a shunt winding
over the usual interpole winding, either in series with the exciting
circuit for the booster field, or by a rheostat controlled mechani-
cally. These are then varied simultancously and the desired
interpole strength is assured at all times. This combination of
a direct-connected booster and rotary is an advantage over the
induction regulator in that it is simpler and requires less station
wiring.

The Split Pole Converter.—It has been found, by dividing
the field pole into sections and providing each with a separate
winding, that the flux distribution across the pole face may
thereby be changed. It thus becomes possible to obtain variable
A. C. to D. C. ratios and control the D. C. voltage without
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change in the A. C. voltage, thereby eliminating all devices
corresponding to A. C. voltage control. It is possible to obtain
variations by using a number of divisions of the field pole, but
the simplest and most economical arrangement is to use two
sections NV and N’, Fig. 925, which gives less complications and
at the same time provides a sufficient amount of voltage control
with less distortion of the alternating-current wave shape. In
Fig. 926 A, B and C represent the poles excited for high, inter-
mediate and low voltage, respectively. Starting with a condition
of no excitation on the regulating poles, as shown in B, the

Aln N-H-
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effective polar area is that of the main poles only. By gradually
increasing the excitation of the regulating poles with current in
the direction to give the same polarity as that corresponding to
the main poles, as in A, and at the same time decreasing the
strength of the main poles in direct proportion by means of a
compensating winding, the effective length of the polar arc is
gradually increased, without changing the total flux and power
factor. As longer polar arcs cause a more peaked shape to the
A. C. wave in a distributed winding, such as is used in all rotaries,
and as the D. C. voltage is always the maximum value of the
A. C. wave, the longer polar arc will give a higher D. C. voltage
for a given effective A. C. voltage applied.

Starting again with no excitation on the regulating pole, as in
B, and exciting this pole in the opposite direction as shown
at C, at the same time adjusting the main pole strength by means
of the compensating winding, the D. C. voltage will be reduced.
This reduction is not dependent to any great extent upon the
change in wave shape, but is chiefly due to the differential action
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of the voltage generated by the two sections of the armature
winding under the poles of opposite sign between adjacent
brushes of opposite polarity. The voltage generated by the
regulating pole flux opposes that generated by the main pole
flux. Under this condition the D. C. voltage is not the same as
the maximum A. C. voltage but is lowered in value for reasons
explained. ’

Unfortunately commutation has proven difficult and rotaries
of large capacity of this type are rather bulky and synchronous
booster control is preferred.

Commutating Poles

The limit having been reached in the maximum output per
pole in rotaries, it became desirable to introduce commutat-
ing poles. This resulted in a reduction in armature diam-
eter for a given output. The commutation is then less of a
limiting factor, as the interpole cares for this problem com-
pletely. The load factor may therefore be increased so that the
full capacity of the rotary may be more nearly realized.

Commutating pole rotaries are smaller than those of the same
capacity without such poles. The armature reaction in a rotary
converter being only about 209, of that in a corresponding D. C.
machine, the commutating poles carry only about one-third as
many ampere-turns as D. C. generators for the same air-gap
length. To provide for unusual disturbances, however, which
might alter the A. C. to D. C. ratios, the air gap is made larger
in a rotary than in a D. C. generator and the strength of the
commutating pole greater than above suggested. Sparking at
the commutator is still great with commutating poles, however,
when starting from the A. C. end, and provision is therefore
made for raising the direct-current brushes during the starting
period. To provide excitation a special pair of D. C. bsushes is
employed.

Should a two-phase rotary be employed to supply a three-wire
D. C. system, the armature is wound for 250 volts on the D. C.
side and connected to the two outside wircs. The neutral wire
does not enter the rotary but is connected to the middle points
0-0, Fig. 910, of both of the two transformers supplying the
rotary, and thence in opposite directions through the windings.
The magnctizing effect of this current on the cores would there-
fore be neutralized.
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Interconnected Star Arrangement of Three Single-phase Trans-
formers for Supplying Synchronous Converter

Should a Y-connected bank of transformers be employed to
supply a three-phase rotary operating on a three-wire direct-

current® system, it might be
supposed that the neutral wire
of the three-wire system could
be returned to the neutral or
middle point of the Y on the
transformers. If, however, the
neutral wire were returned to
the point A in Fig. 912, the
direct current would flow succes-
sively in one direct‘on through
Al, A2 and A3. This current
would on one alternation aid
the alternating current in mag-
netizing the core, greatly in-
creasing the magnetic flux. On
the reverse alternation it would
lower the resultant flux.
greatly unbalanced and the core

F1G. 927.—Theoretical connections
of ‘“‘inter-connected star’’ arrange-
ment of transformers for three-phase
rotary converters supplying three-
wire direct-current system.

oppose the A. C. and materially

The magnetic circuit would thus be

losses increased. To avoid this

difficulty the interconnected star arrangement of transformers

FiG. 928.—Relation of voltages in
various sections of transformers ar-
ranged for inter-connected star.

then D-F, of phase 2, and F-B,

has becen devised. This con-
sists in dividing thelow-tension
winding of each transformer
into two parts and connecting
as in Fig. 927. One-half of
phase 1 is in series with one-half
of phase 3. The other half of
phase 3 is connected in series
with one-half of phase 2, while
the remaining half of phase 2 is
connected in series with the
first half of phase 1. The re-
sultant conditions are pictured
in Fig. 928. If each half is
capable of delivering 100 volts,
of phase 1, will furnish a com-

bined voltage equal to V3 X 100 volts or 173 volts, for these
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two sections produce voltages 120° apart in phase. This resultant
voltage of 173 is delivered in turn by A-D and C-D. When
A-B is V3 times 173 or 300 volts. As these voltages are ob-
tained at a disadvantage the
JN A transformer must havea greater
MW that is, the resultant voltage
D-B is 30° out of phase with
D-F and likewise 30° out of
phase with F-B. The cosine
Fi6. 929.—General arrangement of 1007 voltage the capacity of
high-tension and low-tension windings the two sections would need to
of transformers arranged for inter-
e —_—
0.866

would be if they were in phase. Thus the K. V. A. capacity of
the three transformers for inter-connected star operation would
connection. The result of the interconnected star is to cause any
direct current flowing over the neutral wire of the three-wire
system to circulate in opposite directions in the two halves of the
neutralizes the effect of the other, and the magnetic effect on the
core is as though no direct current whatever circulated in the
transformer winding. Thus, suppose that there is a demand in
and this current flows through the lower half of phase 2, as shown
by the arrow, thence to the middle point of the Y, out over the
neutral wire A, through the lamp L, back over the wire B and
ing the magnetizing effect of that same current in the other half
of the winding of the same transformer on its way out. As the
point C is connected to the commutator, it swings successively

magnetization is etfective in all three transformers.
Fig. 929 is a diagrammatic sketch showing the connection of
transformers for interconnected star. The high-tension sides

these resultants are combined in Y, the total voltage across

capacity when so connected,
""’] (e

of 30° is 0.866. To provide
connected star. be A0 — 115.55% of what it
cach necd to be 115.5C; of that required for the ordinary star
low-tension winding of any transformer. Thus each exactly
the ncutral wire 4, Fig. 927, to supply current for the lamp L
thenee downward over the other half of phase 2, thus neutraliz-
into contact with D and E, thus the neutralization of the D. C.
may be connected either in Y or A as preferred.
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F1G. 930.—General Electric, 1,000-K.W. synchronous converter.

The general appearance of a modern General Electric synchro-
nous converter is shown in Fig. 930. Thisis a 1,000-K.W ., 8-pole,
900 r.p.m., 600-volt, 60-cycle, six-phase, compound-wound, com-
mutating pole machine designed for railway work.

SECTION XVII CHAPTER III
SYNCHRONOUS CONVERTERS
D. C. VOLTAGE REGULATION

1. In how many and what ways may the D. C. em.f. of a rotary con-
verter be regulated?
2. (a) Explain in detail the method of “phase control” of a retary.
by external reactance in series therewith. -
(b) Where is it used?
(¢) What are its advantages?
-(d) What are its limitations?
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3. Where should shunt rotaries be employed? Why?

4. Where should compound rotaries be employed? Why?

5. In the absence of a power-factor meter how would you know when
the intake of a rotary converter was obtained at 100 per cent power
factor? How could this power factor be altered?

6. Explain the method of regulating the D. C. voltage of a rotary con-
verter by quick break switches connected to taps on the high tension side
of transformer. Where is this method used? What are its disadvantages?

7. Explain the construction and principle of operation of the *“Induc-
tion Regulator” as used in regulating the D. C. voltage of a rotary con-
verter.

8. Explain the construction and method of operation of the synchronous
booster in connection with the regulation of the D. C. voltage of a
rotary converter.

9. Explain the construction and principle of operation of the “split
pole” rotary converter.

10. Explain the object of commutating poles on rotary converters.
What are their advantages? When are they used?

11. Explain the “interconnected star” arrangement of three, single-phase
transformers for supplying a synchronous converter. Where is it used?
What is the advantage?




SECTION XVII CHAPTER 1V
SYNCHRONOUS CONVERTERS
STARTING OF CONVERTERS

Starting from A. C. End.—There are three methods of starting
rotary converters. First, from the A. C. end as a polyphase
motor. For this purpose current is supplied by transformer
T, Fig. 931, to a tap connecting through switch at about one-
third line potential to the slip rings of the rotary converter R-C.
The diagram shows a single-phase rotary, although it is under-
stood that in practice all commercial rotaries are polyphase.
The machine will start as a polyphase induction motor by means
of the rotary field created by the armature windings. Although
supplied with a low potential, it will come up to full speed,
because the speed of an unloaded induction motor is determined

BYoT5

F1G6. 931.—Starting rotary converter from A. C. end, as
induction motar by current derived from potential taps on
low-tension side of transformer.

T

solely by the frequency of the source of supply. If the field
structure is provided with a cage winding, the machine starts
much more readily as an induction motor. The field winding,
when so starting, is usually disconnected from the D. C. brushes
as shown by means of a switch S in Fig. 932. This is because
the field coils act as the secondary of a transformer in their rela-
tion to the armature, which is the primary. As the relative
motion between the rotating field produced by the armature
with respect to the field coils is very high at the start, the in-
duced e.m.f. in the field winding might be so high as to puncture
and burn the winding out if the field circuit were closed. There-
fore a field break-up switch, S, Fig. 932, is provided in the circuit
which not only disconnects the field winding but subdivides it
247
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into sections for the purpose of reducing the total voltage in-
duced in any section. When the rotary has reached synchronism
the field break-up switch is closed and a direct current flows from
the commutator brushes through the field winding and causes
the armature to “lock-in" to synchronism with definitely es-
tablished field poles. The machine is converted, at this instant,
from an induction motor into a synchronous motor. At the
moment the field switch is closed, the poles of the armature may
be slightly in advance of, or slightly behind the field poles of
opposite sign. Depending on the initial impulse of the direct
current in the field winding, when the switch is closed, the arma-
ture poles will be drawn forward or backward as it locks into
step. It cannot be definitely foreseen what the polarity of the
D. C. brushes will be at the instant the field switch is closed.

‘Juc R

Fi1G. 932.—Field break-up and reversing switch for correcting polarity
and protecting field of rotary converter when starting from A. C. end.

The upper brush may become positive and the lower negative
or just the reverse, depending upon the relative movement of
the armature at the moment of closing the switch. As rotary
converters are usually operated in parallel with other similar
machines in substations, the connections would be as shown in
Fig. 933. Here it may be assumed that the rotary R is already
running on the bus bars E-F, which have the polarity indicated.
If now, when rotary G is brought up to speed and the field switch
closed, the terminal A should be negative and the terminal C
should be positive, it is obvious that the main switch across
A-B and C-D should not be closed as the rotary G having re-
versed polarity would thus short-circuit the line. It is therefore
necessary to reverse the polarity of the rotary. To do this the
field break-up switch S, shown in Fig. 932, is thrown into the
“down’’ position. This reverses the field winding with respect to
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the D. C. brushes. The switch is held in this position for from
five to eight seconds, during which the rotary is supposed to slip
back one pole. It should then be thrown again into the “up"”
position, under which conditions the polarity should be reversed
so that A would become positive and C would be negative.
The proper polarity is indicated by a voltmeter connected across
A-C. If the polarity is wrong, the voltmeter indicates back-
ward. If the polarity is right, the voltmeter indicates in a
positive direction. Up to this time the potential on the A. C.
end, and therefore on the D. C. end, has been maintained at
one-third normal. When it is found that the polarity is right,
the A. C. tap on the transformer is raised to full potential. The

FiG. 933.——S€vitching connections for parallel-
ing one rotary converter with another, already
running.

main switch, A-B, C-D, may now be closed and the rotary G
connected to bus bars in parallel with R.

One theory regarding the operation of the synchronous motor
assumes that poles are manifested in the armature as indicated
in Fig. 934, these poles reversing in sign at some point in the
polar arc for a direction of rotation A-B, when the machine is
running at synchronous speed. The polarity of the D. C.
brushes and their relation to the A. C. wave is shown in full in
this figure.

When the machine is started on the one-third voltage tap as
an induction motor, it rises in speed in the direction A-B, Fig.
934, to practically synchronous r.p.m. or in some cases actually
“locks’’ in synchronism with the field switch open. When the
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field switch is closed in the running position, if the D. C. polarity
is reversed as indicated by the reversed indication on the volt-
meter, the reversing switch in the field circuit is thrown as shown
in Fig. 935. The first tendency of the machine is to reverse the
magnetism in its field poles, due to the reversed current in the
field windings. This causes the armature to slip back to the
position shown by the dot-dash line. At this point the D. C.
brushes make contact at the zero point of the wave A-B-C-D
and the field current becomes zero. The armature may not
slip farther, because, if it assumes the position of the dotted
wave, the polarity at the brushes would be reversed and that,
coupled with the reversal of connections, would produce the
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original polarity in the field and reversed polarity in the arma-
ture which will not give the required conditions for rotation.
Should it slip back farther, due to low synchronizing power—i.e.,
large air gap, etc.—it will do so slowly with a pronounced tend-
ency to “hang” in the position of the dot-dash wave. This will
be indicated by the slow alternate reversals of the D. C. volt-
meter. If the synchronizing power is great, the armature will
remain as shown by the dot-dash line, cushioned, as it were, in
the field. If it tried tc move either way, it would build up the
field polarity in a direction opposing that motion. The volt-
meter will now indicate a low value in the correct direction due
to rotational losses dragging the armature a little back of the
true center. If the field switch is now restored to the up or run-
ning position while the voltmeter indicates in the correct direction,
the wave will slip to position of dotted line, the exciting current
in the field coils will be reversed, now flowing in the direction of
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the solid arrows, which will give the polarity indicated by S’-N’,
and the polarity of the field poles will be reversed and conditions
will be correct for rotation as shown in Fig. 935. '

Throwing the A. C. switches on the two-thirds and full poten-
tial taps simply increases the voltage impressed on the A. C.
rings and that delivered on the D. C. side without changing the
r.p.m. or the phase relation. The direction of rotation of the
armature is, of course, the same under all conditions.

Starting from the D. C. End.—The second method of starting
arotary is from the D. C. end as a shunt motor. The rotary R,
Fig. 936, being in operation on the D. C. bus bars L-M, current
may be taken to start the rotary G from the D. C. end. To do
so the A. C. switch A-B must be open when the D. C. switch
K-H is closed. The field rheostat R should be cut out so as to
give the rotary a strong field. By means of a starting box S-B,
the rotary is gradually brought up to speed. From the slip

D. C.
LINE

Fi1G. 935.

rings, C-D, an alternating e.m.f. is delivered to the terminals of
the switch connecting the rotary to the A. C. supply.

Bridging the switches between the transformer and the rotary
are the lamps L-L. There must be enough lamps in series to
stand the combined voltages of the transformer and rotary.
As the rotary comes up to speed the frequency of its alternating
voltage delivered varies. The transformer E-F delivers a con-
stant frequency. Due to the combining of these two e.m.fs., the
lamps L-L will light when the two sources are in series, because
their voltages are in addition, and will go out when the two sources
are in opposition. As the speed and frequency of the rotary
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changes, the phase relation of the rotary voltage and the trans-
former voltage alters. The lamps will therefore pulsate in
candle power at a rate depending on the difference in frequency
between the rotary and transformer. When the rotary comes
into exact synchronism with the transformer the lamps will
remain at a stationary candle power, but they may be bright,
or dim, or out, depending on the phase angle of the two voltages.
The proper time for placing the rotary in circuit with the trans-
former is when the two voltages are in direct opposition as shown
by the arrows. Thus at a given instant the terminal E of the
transformer must be positive when the terminal of the rotary,
C, is likewise positive. The rotary’s voltage thus corresponds
to the counter e.m.f. of a motor, and the transformer voltage
that of a source impressed upon it. As the rotary approaches

4+
L
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F1G. 936.—Connections for starting rotary converter as a D. C. motor
from the D. C. end.

synchronism and the lamps flicker at a slower and slower rate, it
is customary to close the switch A-B in the middle of a period
of darkness, which indicates exactly the proper phase relation.
If the lamps are pulsating rapidly when the switch is closed, a
strong synchronizing current will flow between the transformer
and the rotary, tending to accelerate or decelerate the rotarv
to bring it into step with the transformer. Care should be
taken to see that the rate of pulsation is very slow when the
switch is closed. The synchronizing current will then be re-
duced to a minimum. When the rotary has been connected on
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the A. C. end, the starting box S-B on the D. C. end should be cut
out and the field rheostat R adjusted to give a minimum A. C.
input for the required D. C. load. Lamp synchronizing has in
late years been replaced by the “synchroscope,” which is more
accurate and satisfactory than lamps. This device will be ex-
plained later.

Starting by Means of Separate Motor.—The third method of
starting a rotary is by means of a separate starting motor. In
Fig. 937 a separate induction motor M, usually direct-connected
on one end of the rotary shaft and mounted on a bracket ex-
tending from the base frame, is employed to start the rotary and
bring it to slightly above synchronism. The starting motor
usually has one pair of poles less than the rotary in order that it
may bring the rotary up to synchronous speed or slightly above.
When so starting, the A. C. switch S, leading to the transformer,
and the D. C. switch S to the bus bars should both be open.

F1G6. 937.—Connections for starting a rotary converter by means of a
separate starting motor.

When the rotary has slightly exceeded synchronism a synchron-
izing rheostat S-R is connected across the A. C. brushes for
the purpose of forming a load, which, in its reaction on the start-
ing motor, brings the speed of the rotary converter down.
Synchronizing lamps or a synchronoscope are employed to bridge
the main switch, S, as before. When synchronism is indicated
and the proper phase alignment is shown by the lamps becoming
dark, the A. C. switch may be closed, after which the starting
motor may be cut out and the D. C. switch closed, putting the
rotary on the D. C. load. Large rotaries do not employ the
synchronizing rheostat, but the variation in speed necessary to
bring the rotary into exact synchronism is accomplished by the
alteration of the field rheostat R. This varies the iron losses

-
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in the armature of the rotary. In a large machine this variation
is sufficient in its reaction on the starting motor to bring about
the desired changes in speed.

With compound rotaries the D. C. circuit breakers should have
auxiliary tripping coils energized from the A. C. side, so that if
the A. C. breakers go out, the D. C. side will automatically open
and prevent the rotary from motoring on the D. C. end. Other-
wise the direct current reversing through the series winding
would so weaken the field as to cause the rotary to run away.
Some rotaries are designed with a centrifugal overspeed switch
on the end of the shaft so connected to the D. C. breakers that if
the speed of the rotary rises above normal the switch will open
the breaker.

When rotaries are operated inverted—i.e., converting D. C. to
A. C,, a heavy inductive load will react powerfully upon the
field magnetism. It will be remembered that a lagging current
on the alternator weakens the field. With an inverted rotary
the same thing happens, except that the rotary is at the same
time a direct-current motor and a heavy lagging current may so
seriously weaken the field flux as to cause the rotary to run at a
dangerously high speed.

Compound rotaries should never be run inverted, as varying
loads would cause widely varying speeds which would result in
delivering a variable frequency.

SECTION XVII CHAPTER IV
SYNCHRONOUS CONVERTERS
STARTING OF CONVERTERS

1. Explain the methed of starting a rotary converter from the A. C.
end. What potential is employed? Sketch.

2. Explain the method of starting a rotary from the D. C. end. Sketch.

3. Explain the method of starting a rotary by means of a separate
starting motor. Sketch.



SECTION XVII CHAPTER V
SYNCHRONOUS CONVERTERS
HUNTING IN ALTERNATORS AND CONVERTERS

An alternator, and a rotary converter connected with it, bear
somewhat the same relation to each other as far as speed is con-
cerned as an engine fly-wheel in which the driving force is trans-
mitted through a flexible spiral spring to a second fly-wheel con-
nected to it by means of this flexible coupling. The rotation of
the second fly-wheel so connected to the engine will be steady
only so long as the rotation of the engine fly-wheel is steady.
If the engine fly-wheel momentarily increases its speed, the
second fly-wheel will not maintain the same position relative to
the first, as would be the case if the two wheels were rigidly con-
nected. The inertia of the driven wheel will cause it to lag
behind the first, as would be the case if the two wheels were
connected by the spring, until the tension in the spring is great
enough to overcome the inertia and momentarily increase its
speed, bringing it back to its previous relative position. At
the same time the tension in the spring will react upon the engine
fly-wheel so that the speed of this wheel is momentarily decreased.
If the inertia of the driven wheel is large, the reaction of the
spring may carry it beyond its initial position to a point relatively
ahead of that of the engine fly-wheel, in which case the tension
in the spring will be reversed and will cause the second wheel to
surge back again, thus starting an oscillation in the rotation of
this wheel.

This condition is technically known as hunting. To set up
this oscillation in speed three conditions are necessary:

1. A variation in the uniform rotation of the engine-driven
fly-wheel.

2. A flexible connection between the two wheels.

3. Inertia in the second wheel.

A similar action takes place in the operation of electrical
machines. If the load upon a power station alters, there will
be some variation in the speed of the alternator. If the alter-
nator is operating a rotary converter as a part of its load, the
inertia of the rotary’s armature will prevent it from instantly
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following the alternator, and the resulting difference in the
relative positions of the two armatures causes a change in phase
positions of the alternator e.m.f. and the counter e.m.f. of the
rotary. This change in phase angle causes a difference in the
instantaneous values of the two e.m.fs. which brings about a
surge of corrective current between the two machines. This
current is equivalent to a tension in the spring between the
engine and the driven fly-wheel. When the rotary’s armature
is behind the alternator the corrective current flows in such a
direction as to accelerate its rotation and retard the alternator.
The momentum of the rotary may be sufficient to carry it not
only abreast of the alternator but relatively ahead. In this case
the direction of the corrective current reverses as did the direc-
tion of tension in the spring coupling above referred to. This
will simultaneously accelerate the alternator and retard the
rotary’s armature. In this way irregularity of the rotation of
the rotary will be produced. This irregularity is called hunting.

To bring about hunting in a rotary three conditions must
obtain:

1. Irregular rotation of the alternator.

2. A flexible connection in the shape of the electrical circuit
between the alternator and rotary.

3. Inertia in the rotary converter. -

The corrective currents between the two machines automati-
cally tend to make the rotary follow the changes in speed of the
alternator. How closely it actually succeeds in following them
depends upon the design of the rotary. If the self-induction
of the rotary armature is large, the corrective current for a given
resultant e.m.f. will be small, &nd the force tencing to change the
relative positions of the alternator and rotary’s armature will
be less able to overcome the inertia, and the rotary’s armature
will then be sluggish in its action. It will not be able to follow
the oscillation of the alternator, and the rotary will fall out of
step and shut down.

If, on the other hand, the self-induction of the rotary armature
is small, the force tending to change the relative position of the
two machines will be great. The corrective currents will be
large, the rotary armature will swing forward and beyond its
proper position, and an oscillation will be set up as above.
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When the self-induction is large and the corrective currents
are small, the coupling is frail, as when a weak spring is used.
If the self-induction of the armature is small, the corrective
currents will be large, corresponding to a coupling with a strong
spring. In addition to the self-induction of the armature, the
impedance of the connecting lines and transformers restricts the
corrective currents.

The corrective currents which circulate between the two
machines due to the phase angle between their respective e.m.fs.
at any instant increase the leading or lagging components of the
total current. These leading or lagging components increase or
decrease the strength of the field flux in both alternator and
rotary, due to the magnetizing effect upon the armature wind-
ings. As hunting is an oscillation in the relative position of the
rotary armature, a given pole being ahead of the alternator at
one instant and behind it the next, the corrective currents due to
this oscillation will be first in one direction and then in the other.
The effect of this varying current is to strengthen one pole tip
and weaken the other, when flowing in one direction, and reverse
this action when flowing in the other direction, thus continu-
ally changing the distribution of magnetism over the pole face.
This in effect causes the magnetic flux to continually shift back
and forth across the face of each field pole. This action takes
place in both alternator and rotary. A result of this shifting
magnetic field is that it shifts the neutral Jine in the rotary which
periodically brings the short-circuited coil in too strong a field
for commutation and causes flashing at the direct-current brushes.

As hunting is always accompanied by a shifting field, a most
effective method of preventing it is to employ dampers, in the
form of heavy copper grids that surround each pole face and
extend across it, usually imbedded in one or more slots.

Whenever the relative position of the alternator armature is
changed by the corrective currents, the reaction of the induced
currents in the grid tends to prevent this change. As long as the
armature moves in exact synchronism with the alternator there
are no currents induced in the grids. The grid acts like a cage
winding in an induction motor. If the speed of the rotary alters,
as it does momentarily when hunting, the powerful induced
currents oppose the movement of the flux just as the induced
current in a cage winding of an induction motor, which in their
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reaction oppose the forward or backward slip. It must be
noted that the eddy currents induced in the grid do not act as a
constant opposing force to the corrective currents but as true
dampers becoming zero whenever the rotational relation between
the alternator and rotary is constant.

When several rotaries are connected to.the same alternator,
hunting in one rotary may cause trouble with the others if the
lagging and leading currents due to the hunting are large enough
to bring about serious variations in alternator voltage. Dampers
on the alternator field poles help to control the corrective cur-
rents between the alternator and the rotary, the action of the
dampers being identical with those on the rotary.

In alternators having partially closed armature slots the
damper may be made in the form of a plate, A, Fig. 938. Inre-

FiG. 938. F16. 939.—Electro-mag-
netic dampers or rotary
converters,

volving armature machines the plate covers the face of the field
pole. In machines where the field revolves the damper bridges
the space between adjacent poles. It also serves in this case
as a wedge to hold the field coils in place. In alternators with
open slots and in rotary converters the dampers are of the grid
type, surrounding the pole and extending through slots in the
pole face, D, Fig. 939. This grid form of damper is better
adapted to open slot machines because of the characteristic
jumping of the field flux from one armature tooth to the next.
This action would set up eddy currents in a copper plate which
covered the entire pole and might increase the losses of the ma-
chine sufficiently to warp the plates seriously and loosen them
from the poles. In self-starting synchronous converters the grids
are all interconnected to form a complete cage winding.
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SECTION XVII CHAPTER V
SYNCHRONOUS CONVERTERS
“HUNTING” IN ALTERNATORS AND CONVERTERS

1. What is “hunting” in a rotary converter? What causes it?

2. How may hunting be prevented in rotary converters? How does
the remedy prevent it?

3. What forms of dampers are used on alternators and rotaries with
partially closed slots. What style is used with open slots?

4. Where are dampers located in revolving field machines? Where are
they placed in revolving armature machines?

5. What is an ‘“inverted” rotary? What precautions should attend
their use?



SECTION XVII . CHAPTER VI
SYNCHRONOUS CONVERTERS
PHASING OUT OF CONVERTERS

When polyphase rotaries are first installed it is necessary to
connect them to the main switches on the A. C. side so that
when one phase is in alignment with the alternating source on the
other side, all of the phases will also be in alignment. There-
after it is unnecessary to synchronize more than one phase.

To obtain the proper sequence of phases when connecting a
rotary to the switches the first time, it is necessary to ‘‘phase
out.” This means to test the circuits leading from the trans-
formers furnishing the supply to the rotary itself, so that, when
one pair of leads in one circuit is in phase with a corresponding
pair of leads in the other circuit, all corresponding leads of the
two circuits will be in phasc.

LINE ROTARY . .

—— 1 After this phasing out has once
' + been accomplished it is only
Z— 2 necessary thereafter to syn-

chronize by means of a synchro-
scope or lamps on one phase of a
polyphase rotary provided the

F16. 940.—Connections of syn- connections have not been
chronizing lamps for two-phase gltered.
converter.

In the few cases where single-
phase rotarics are employed, it is obviously unnecessary to
‘“phase out,” for the synchronizing is accomplished between the
source and the rotary on the one existing phase.

Two-phase Rotaries.—Two-phase four-wire rotaries may be
tested out as follows:

First, determine the two leads belonging to one phase by a
voltmeter. Those having normal voltage between them belong
to one phase. Thus in Fig. 940, if line wires 1-2-1-2 come from
two-phase transformers and the voltage across 1-1 is 180 volts
and across 2-2 is likewise 180 volts, this would show that these
lines represented the terminals of two separate transformers.
On the four other lugs of the switch, Sw., the four terminals
coming from the slip rings of the two-phase rotary are connected.

260
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They should also be tested so that 1-1 belong to one phase and
2-2 to the other phase. A series of lamps capable of standing
the total voltage of one phase should be connected in each line
across the opposite lugs of the switch terminals. Thus, when
the voltage mentioned is impressed, each of the two lamps in
series in the circuit shown should be capable of standing at least
90 volts; 110-volt lamps could be used. If the rotary voltage
is high, potential transformers may be used across opposite lugs
in place of the lJamp bank, the low-tension side of the transformer
connecting to a single lamp.

The rotary should now be started by running it from the D. C.
bus as a direct-current motor or by means of a separate starting
motor. It should be excited to normal voltage and operated at
about synchronous speed. If the
lamps do not all become light , LINE — ROTA'?Y
and dark together, interchange 2 2
the main leads of one phase on > [\ P 3
one side of the switch, leaving
the lamps connected to the same
switch terminals. The lamps
should now fluctuate together.  pi. 941.—Connections of syn-
The rotary is in proper phase to chronizing lamps for three-phase
be connected to the transformer °"Verter:
by closing of the main switch across the lamp banks when the
lamps are in the middle of a period of darkness.

Three-phase Rotaries.—To test a three-phase rotary, the
three leads from the low-tension side of the transformer which
supply the rotary are connected to the lugs on one side of the
switch as in Fig. 941. The three terminals from the rotary
are connected to the three opposite lugs. No care need be taken
as to the order in which these lines are connected on the opposite
sides of the switch. Across opposite switch lugs a series of
lamps should be connected as shown. The number of lamps in
each line should be sufficient to stand the entire voltage be-
tween any two wires as in the two-phase connections.

The rotary should be started as before and excited for normal
voltage and run at about synchronous speed. If the lamps do
not all become bright and dark together, it indicates a reversal of
phase rotation—that is, the relative directions of rotation of the
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source of supply and the rotary are opposite. The remedy is to
interchange any two main leads on one side of the switch, leaving
the lamps connected to the same switch terminals, after which
the lamps should all fluctuate together. The source of supply
and the rotary are in phase in the middle of a period of darkness.

Six-phase Rotaries.—The six-phase diametrical connection is
the most widely used for rotaries. As the voltage is generally
low, reducing transformers for the lamps are not often required.
Across the opposite lugs of the main switch in Fig. 942 a series of
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Fi16. 942.—Connections of synchronizing lamps and trans-
formers for six-phase converter.

lamps should be connected, the total voltage on the lamps in each
circuit being twice the diametrical voltage of the rotaries. If the
rotary is used for the three-wire lighting system and supplies
250 volts, the virtual voltage on the A. C. side is approximately
72¢{ of this amount, or 180 volts. The lamps in each series must
then be capable of standing 360 volts.

First, the leads from the three transformers, T1-T2-T3, should
be separated into two groups having one lead from cach trans-
former in each group. Thus A-B-C may be in one group and
D-E-F in the other group. By mecans of a voltmeter or a lamp
bank these leads may be tested out or separated, provided cur-
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rent is supplied to the high-tension winding. The test should
show all leads in one group insulated from each other. If con-
venient, see that all three leads in one group connect to corre-
sponding terminals of the transformer; thus D-E-F being derived
from the left-hand terminals, presumably all positive at one
instant, and A-B-C from the right-hand terminals, all relatively
negative at the same instant. It is not necessary that the groups
be so arranged. A reversal of one of the transformer connections
. can readily be corrected later.

Second, connect all leads in one of these groups, say A-B-C,
to the slip rings of the rotary 5-3-1.

Third, connect all leads in the other groups, D-E-F, to the
switch lugs numbered 5-3-1.

The six consecutively numbered slip rings in the rotary are
supposed to be tapped into the armature winding in the manner
shown in Fig. 943, 60 electrical degrees
apart. If the diametrical voltage, say
across 1-4, is 180 volts, the voltage
between successive slip rings 1-2 will
be one-half of the diametrical voltage
(for 1-2 is the same as 1-7) and 1-2-7
is an equilateral triangle. This would
be 90 volts, or 35% of the D. C.
voltage.

Fourth, connect the other three
rotary terminals 6-4-2 to the switch
lugs 6-4-2.

Fifth, the series of lamps previously
referred to should now be placed across opposite switch terminals.

The sixth step is to test for continuity of circuits. To do this
all the A. C. brushes should be raised from the slip rings. The
main switch should then be closed. A series of lamps the same
as those across the main switch terminals should now be placed
between brushes 1 and 4, between 3 and 6, and between 5 and
2. This bridges the gap in the terminals of the circuits for each
of the three transformers. The lamps should all light to show
that the circuits are complete.

Seventh, open the main switch S-1", and put down all the
brushes on the slip rings. Bring the rotary to approximately

F1G. 943.
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synchronous speed and excite to normal voltage. The lamps
may now fluctuate in four different ways.

1. The lamps may all grow bright and dark together. This
indicates that the connections are correct. No change is
necessary.

2. The fluctuations of the lamps may follow each other at
regular intervals. This indicates a reversal of phase rotation.
Remedy: interchange leads 1 and 3, also 4 and 6, at the rotary

terminals, or if more convenient interchange any two three-phase

high-tension leads, such as K and L, supplying the transformers.
In any case the lamps must all fluctuate together.

3. Two of the lamp circuits may fluctuate together and the
third in exactly opposite phase. This indicates a reversal of
the secondary of a transformer. Remedy: interchange the
leads of the transformer which connects to the lamp circuit that
fluctuates out of step with the other two. When corrected, all
of the lamps must fluctuate together.

4. The three lamp circuits may become bright in rapid succes-
sion and then pass through an interval when all are dim. This
indicates a combination of difficulties in 2 and 3. Remedy:
interchange the secondary leads of the transformer which con-
nects to the circuit that fluctuates between the other two. Also
interchange, at the rotary terminals of the switch lugs, leads 1
and 3,and 4and 6. The lamps should then all fluctuate together.

SECTION XVII CHAPTER VI
SYNCHRONOUS CONVERTERS
“PHASING OUT” OF CONVERTERS

1. Sketch and explain the method of “phasing out” a three-phase rotary
converter, before connecting to line. When would connections be in-
dicated wrong? When would they be indicated right?

2. Sketch and explain the method of “phasing out” a two-phase rotary
before connecting to line. When would connections be indicated wrong?
When would they be indicated right?

3. Sketch and explain the method of “phasing out” a six-phase diam-
etrical rotary before connecting to line. When would connections be
indicated wrong? When would they be indicated right?




SECTION XVII CHAPTER VII
SYNCHRONOUS CONVERTERS
MISCELLANEOUS TYPES OF RECTIFIERS

The Mercury Rectifier.—Consider a vacuum glass tube, Fig.
944, containing electrodes A and B, the latter of mercury, con-
nected to a source of alternating current. The resistance of the
circuit is so high that practically no current will flow. The
apparatus may even be heated so hot that the mercury boils and
the tube fills with mercury vapor at high pressure and still no
appreciable current will flow. In fact, mercury vapor, either
hot or cool, is considered a poor conductor of current. If,
however, the electrical pressure on these electrodes is increased
to about 25,000 volts the resistance suddenly breaks down and a
current will flow. If this current is in
the direction from A to B, the mercury
at B will be vaporized and this vapor
will fill the bulb. The current passes in
the form of an arc, traveling on the con-
ducting vapor of mercury. Part of the
electrical energy is absorbed in vapor-
izing the mercury, which immediately
condenses upon the walls of the bulb and
flows back into the well in the bottom, Fic. 944.
only to be vaporized over again. The distribution of potential is
approximately 4 volts drop at the surface of the electrode A, 6
volts in the vapor, and 4 volts at the surface of electrode B. If
the current ceases to flow for even a small fraction of a second, the
original resistance will be reestablished and it will require 25,000
volts to break it down again. Investigation shows that the most
of this resistance seems to be concentrated at the surface of the
negative electrode. If means can be provided for maintaining the
flow of a current into the negative electrode, it will continue to
pass, encountering very little resistance. A commercial form of
mercury rectifier is illustrated in Fig. 945. Here current from a
transformer, T, at 110 or 220 volts, leads to an auto trans-
former F. Movable contacts, X-X, adjusted by means of a dial
switch, connect two wires, P-P’, to electrodes A-B, sealed in a
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vacuum bulb containing a well of mercurv, M, at the bottom,
which constitutes the negative electrode. A special starting
electrode S is sealed in just above the mercury negative and con-
nects through a current limiting resistance, R, with the wire P’.
A storage battery to be charged by the rectified current is con-
nected to the electrode C and to the middle point of the auto
transformer F. The alternating e.m.f. cannot pass between the
electrodes A-B because of the high resistance encountered. If,
however, the tube is tilted until the mercury M comes in contact
with the electrode S, a current will flow from the auto trans-
former through the starting resistance and pass from S to C.

Tspisof—

F1G. 945.—Single-phase mercury rectifier for
charging storage batteries.

As the tube is righted the mercury breaks from the electrode S,
starting an arc. The current flowing into the mercury breaks
down the negative electrode resistance. Thereafter, so long as
the current flows into M it will only require about 15 volts to
force current either from A to M or from B to M. Should the
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current cease, however, for the one-millionth part of a ‘second,
the high negative electrode resistance would again appear
and current would cease to flow. One of the objects in the use
of the auto transformer is to prevent this interruption. The
transformer possesses considerable reactance. The current
flowing through the storage battery must find its way back to the
A. C. source either through the winding D or E of the auto trans-
former. The rectified current is pulsating in character, as in

G

F1G. 946.

Fig. 946. Now unless special precautions were taken, when the
A. C. wave reached the zero point, G, the rectifier would go out,
and the high negative electrode resistance would be reestablished.
The auto transformer prevents this, for the pulsating wave of
current induces in the winding of the auto transformer an
e.m.f. of self-induction which not only is opposed to the rise
of the current but also to its fall. Thus when the wave from
the electrode A tries to die out, as at the point G, the self-induc-

H E

Fic. 947,

tion keeps it going as in Fig. 947, prolonging it to the point F,
during which interval the current from the elcctrode B will have
started, say at the point H. The result is that the waves of
current are caused to overlap each other instead of being allowed
to simultaneously reach the zero point. The greater the amount
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of reactance in the circuit, the less will be the variation in the
ripple of the D. C. wave, although the height of this wave will
be lowered. The less the reactance in the circuit the higher
will be the D. C. wave, although the less will the successive im-
pulses overlap and the more readily will the rectifier go out of
action. By shifting the points X-X, Fig. 945, the D. C. e.m.f.

F16. 948. —Westinghouse, 30-ampere mercury rectifier.

may be altered from 20¢; minimum to 5297 maximum of the

A. C. voltage. The alternating current ranges from approxi-
mately 449 minimum to 56¢, maximum of the direct current.
As the voltage loss in the rectifier is practically constant, the
efficiency varies with the D. C. voltage delivered. A loss of 15
volts with a delivered e.m.f. of 100 means a loss of 159, but this
same fixed loss of 15 volts only means 1.5 per cent if the delivered
voltage is 1,000.
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A rectifier delivering 30 amperes from a 220-volt source, 60
cycles, has an efficiency of from 75 to 809, with a power factor
of about 909,. These rectifiers possess an inherent regulation
of about 6 to 89,. That is, as the counter e.m.f. of the batteries
on charge rises, the e.m.f. charging them also rises from 6 to 87,
The life of this tube is about 400 to 800 hours.

A mercury rectifier for battery charging manufactured by the
Westinghouse Company is shown in Fig. 948. This is their Type

—

F16. 949.—Single-phase mercury rectifier for series
lighting circuits.

AA outfit, having a capacity of 30 amperes. It is provided with
an electro-magnet for tilting the bulb, thus permitting automatic
starting. In case the line voltage is interrupted, the outfit stops
operation, but will restart when the voltage is restored. It will
care for the charging of either 20 or 44 cells of lead storage battery
from a 220-volt line.

For rectifying the current for series arc lighting circuits the
arrangement shown in Fig. 949 isused. The alternating-current
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supply energizes a regulating transformer with the primary
sections P-P and the secondary sections S-S. The terminals of
this secondary are connected to the electrodes A-B of the mer-
cury rectifier. In the bottom is a mercury well connecting to the
secondary of a starting transformer D employed to break down
the negative electrode resistance. The primary of this trans-
former is energized by an additional coil C, carried on the regulat-
ing transformer. The current from the regulating transformer
passes through either the electrode A or B, thence through the
mercury negative and by ecither path to the middle tap, D, of the
starting transformer and thence to the series of arc lamps,
whence it finds its way back to the middle of the regulating trans-
former. This current is usually only 4.5 amperes or 6.6 amperes.
The rectifying bulb can therefore be made quite small. As the
voltage is high, the efficiency is quite high. The bulb is usually
immersed in oil to assist in cooling. The life of these bulbs on
high voltage circuits is usually from 10,000 to 14,000 hours. The
object of rectifying the current for arc lighting circuits is that
much higher cfficiency is obtainable from a direct-current arc
than from an alternating-current arc. The passage of the cur-
rent through all mercury rectifiers causes the production of an
electric arc. This arc raises the mercury to the vaporizing point,
so that the globe is filled with mercury vapor. As this vapor
strikes the cool surface of the bulb it condenses and runs back
into the mercury well at the bottom, where it is vaporized over
again.

The electric valve action of the mercury arc is not confined
to mercury alone. Practically all electric arcs exhibit a rectify-
ing tendency to a greater or less degree. The mercury arc is the
most successful.

T4
J

D

Fi16. 950.—Single-cell electrolytic rectifier.
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The Electrolytic Rectifier.—Another interesting type of electric
valve is the electrolytic rectifier. This is known by various
names, but the principle in all is the same. It consists essen-
tially of a vessel containing a solution of ammonium phosphate
or simply borax. In this solution are placed two electrodes, one
of lead, L, Fig. 950, and one of aluminum, A, The surface of the
lead plate should be made approximately ten times that of the

o F1G. 951.

aluminum. If a current from an alternating source, B-D, is
passed through such a device in series with a storage battery C,
the following results will be observed: The current will flow
readily from the lead plate, L, to the aluminum plate, A, and
charge the battery. When, however, current tries to flow in
the reverse direction from the aluminum plate to the lead plate,
there is deposited on the lead plate a film of phosphate of alu-
minum which creates an enormous resistance and shuts off prac-
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F1G. 952.—Two-cell electrolytic rectifier.

tically all further flow of current in that direction. This valve
action gives the disjointed direct-current impulses shown in Fig.
951, the reverse alternation being wiped out entirely. If two
such cells are used, wired as shown in Fig. 952, the lead electrodes
being connected to the secondary terminals of a transformer, a
storage battery being connected between the aluminum plates
and the middle point of the transformer, an alternating current
can flow from either terminal B or C of the transformer, through
the storage battery, returning to the middle point, D, of the
transformer. A reverse impulse, however, through the battery,



272 Theoretical and Practical Electrical Engineering

is impossible because the current cannot flow from aluminum
tolead. This arrangement uses both impulses of the A. C. wave,
and a battery would be charged in half the time that would be
required with one rectifier. The voltage available, however, is
only one-half of that of the source. By using four cells wired as

A.C.

F16. 953.—Four-cell electrolytic rectifier.
L]

in Fig. 953, both waves of alternating current are utilized in the
rectified circuit, and at the same time the full voltage of the A. C.
source is obtained. The objection to these rectifiers is that they
are very inefficient. The heat generated in the solution means
a large loss and the current rectified cannot at most be more than
a few amperes. Small currents for charging batteries may be
handled with fair success.
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The Vibrating Rectifier.—The vibrating rectifier is really an
electrically operated vibrating switch. A simple form of this
device is shown in Fig. 954. Here the 110-volt alternating source
is reduced by means of an auto transformer to about 6 or 9 volts
for the purpose of charging a storage battery, B. A permanent
magnet, N-S, has a coil, M, surrounding one pole. This coil is
connected in shunt with the source. A vibrating armature of
soft iron with an adjustable weight, W, is attracted by this per-
manent magnet against the tension of a spring S. When a cur-
rent wave comes over the wire F and passes through the coil M,
the strength of the permanent magnet is supplemented sufficiently
to draw the armature down and close the contact C, allowing a
portion of the current derived from this same wave to flow .
through the rheostat R and the battery B, which it charges, and

F16. 954.—Simple form of vibrating rectifier.

back through the ammeter A to the auto transformer 7. When
the reverse impulse from the alternating source flows in over
the wire D, it passes through the coil M in the reverse direction
to F. This opposes the permanent magnetism of N-S and
diverts the flux from the pole N, causing the flux to take the
alternate path via an adjustable short-circuiting iron screw G.
The flux being thus diverted from the pole N, the attraction
for the armature ceases, and the spring, S, raises the armature,
breaking the contact at C, thus preventing the flow of the re-
verse impulse through the battery B. The same disjointed D. C.
current wave shown in Fig. 951 is obtained for the battery.

A more elaborate vibrating rectifier which utilizes both sides
of the alternating wave is shown in Fig. 955. Here a pivoted
soft iron armature N-S has surrounding it a magnetizing coil R-R
which terminates on the binding screws P-P’, to which the stor-
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age battery to be charged is connected. Alternating current from
the transformer T finds its way over the circuit A, through the
magnets M’ and M, to the point E. These two magnets are
wound so that their lower poles at any instant are both of the
same sign. When a storage battery is connected to the termi-

Fic. 955.—Westinghouse vibrating rectifier for charging batteries.

nals P-P’ the polarity of the vibrating armature will be deter-
mined by the polarity of the battery. Therefore the pole S will
attract the pole above it, while the pole N will repel the pole
above it. This causes the armature to tilt in such a direction as
to close the contact L’ on the screw C’ and permits current to flow
via F-C’-L’-D-P through the battery and back to P’, thence to

-
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E. When the current in the transformer reverses, the lower
poles of the magnets, M-M’, both change to south. This causes
the vibrating armature to reverse its position and the contact
L closes on C, thus insuring the flow of current in the proper
direction through the battery. It is important to note that it
makes no difference in which way the battery is connected to the
terminals P-P’, as the polarity of the armature is determined by
the direction of flow of the current from the battery In fact it
is impossible for the charging current to flow through the battery
in the wrong direction. The adjusting screws C-C’ are supposed
to be set so that no sparking will occur. This will be insured if
the break in the circuit occurs at the exact moment when the
maximum height of the A. C. wave corresponds to the counter
e.m.f. of the battery. As this varies to some extent the con-
densers K-K' are provided to bridge the contacts. If the wave
form from the A. C. source differs much from a sine wave, it
may be necessary to alter the adjustment slightly to eliminate
sparking. This is because the time of zero current may come a
little earlier or later than in the corresponding sine wave. This
adjustment is effected by altering the resistance @, in series with
the magnets M-M’. This serves to shift the phase angle of
the resulting flux so as to vary slightly the time at which they
reach their maximum strength during each half-wave of alter-
nating current, and accordingly the time at which the contacts
break. '

The Tungar Rectifier.—The Tungar rectifier somewhat resem-
bles the Fleming valve, the DeForest audion and the Kenatron
and Coolidge tubes.

All these devices employ a vacuum tube in which there are
two or more electrodes, one of which is maintained hot and the
other cold. In such tubes, when an alternating e.m.f. is applied,
a current will pass in one direction, but the valve action suppresses
the flow of current in the other direction.

Rectifiers for any appreciable currents employing this principle
have heretofore been impracticable. The peculiar construction
of the Tungar rectifier, however, permits the passage of two am-
peres when charging three cells of lead battery, while a larger size
readily passes 6 amperes and may be used to charge from one to
thirty cells. The bulb of the Tungar rectifier contains argon gas
at low pressure. This gas is ionized, that is, rendered conducting
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by the stream of electrons, consisting of small particles of nega-
tive electricity which' emanate from an incandescent filament
within the bulb. A hot electrode will give off this stream of
conducting electrons, but a cold electrode will not. It is upon
this gas that the current travels from the alternating current
source to the storage batterv which it is to charge, and the con-
struction is such that the loss in potential within the bulb is only
from S to 10 volts.

Fig. 956 illustrates the electrical circuits of a small Tungar
rectifier capable of passing two amperes and employing one-half
of the alternating current
wave. The hot filament D,
which constitutes the cathode,
is a closely wound spiral of
tungsten wire. The anode,
C, is a relatively large block
of graphite.

The principle upon which
the rectifying action takes
place is as follows: The in-
candescent tungsten filament
110 E is connected to the terminal
F1G. 956.—Principle of the hot-cathode G of the alternating-current

rectifier. source, while the graphite
block, C is connected to the terminal F. As the em.f. of the
main source alternates it is evident that the filament D and the
graphite terminal C will be alternately positive and negative.
Now, when the filament is negative, the cathode stream of
electrons emitted from it are drawn toward the anode by the
difference of potential across the bulb. These electrons, as they
collide with the molecules of argon gas within the bulb, ionize
them—that is, they render them conducting in the direction
from the graphite anode to the filament cathode. When the
e.m.f. applied reverses, the filament becomes positive. No
stream of electrons from the graphite cathode will now take
place. The gas is therefore not rendered conducting during
this half of the cvcle, and the valve, so to speak, closes and the
flow of current in the reverse direction is shut off.

The bulbs are first highly exhausted and then filled with the
purest argon it is possible to obtain. Notwithstanding every
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precaution, however, certain impurities find their way into the
bulb, and these will eventually cause a disintegration of the
cathode. To insure that the argon shall be absolutely free from
these impurities, certain chemicals are introduced into the bulb
before it is sealed, which will combine with any impurities present
and by chemical reaction neutralize their effect. This insures
practically pure argon gas within the tube throughout its life.
The material employed for purifying the gas usually takes the
-form of a wire ring surrounding the anode. When the tube is
put in service the purifying agent is volatilized and made to
absorb any foreign gases pres-
ent, at the same time causing
a deposit on the inside of the
globe, which discolors it.
Referring again to Fig. 956,
the transformer, T, has its pri-
mary wound for line voltage,
while its secondary is de-
signed for the filament of the
rectifier which it is intended D.C.
to maintain hot. The con-
nections for the storage bat-
tery are shown at B, with a
regulating rheostat R in the &
series with the rectifier across
the main alternating-current A.C.———p=i
line FG. F16. 957. — Two-bulb hot-cathode
Suppose that at a certain rectifier.
instant the side F of the source
is positive; the current will flow from F in the direction shown by
the arrows through the battery, rheostat and rectifying bulb from
C to D and thence back to the opposite side of the alternating-
current line G. The stream of electrons from the negative fila-
ment D provides a path for the flow of current from C to D to
charge the battery. Entirely independent of this circuit is the
transformer’s primary across the source, while the secondary is
closed upon the filament which it is to heat. When the e.m.f. of
the alternating-current source reverses and the side G becomes
positive, current cannot flow through the rectifier from D to C be-
cause the cold graphite block C does not emit the stream of elec-
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trons which is necessary to render the gas conducting in this
direction. Thus the current flows readily from C to D or against
the flow of electrons emitted from the hot cathode D, but it can-
not flow from D to C in the absence of any stream of electrons
from the cold graphite cathode.

Fig. 957 shows a rectifier for employing both halves of the
alternating current wave and consists of two half-wave rectifying

F16. 958.—Tungar hot-cathode
rectifier, built by the General
Electric Company.

bulbs wired to a storage battery
and a transformer. The result is
a pulsating unidirectional current.
This may be smoothed out to any
desired degree by placing a react-
ance in series on the direct-current
side. For storage battery charg-
ing it is not necessary, however, to
smooth out the wave. The rheo-
stat also may be omitted as the
supply voltage, and the delivered
current can be regulated from
adjustable taps in the transformer.

Only small rectifiers up to 500
watts capacity are being used at
the present time. The smallest
size is a 2-ampere outfit operating
at 115 volts, 60 cycles, alternat-
ing current. This is capable of
charging three cells at the rate of
2 amperes or six cells at 1 ampere
or eight cells at 0.75 ampere. The
next size is a 6-ampere outfit capa-
ble of charging either three or six
cells at 6 amperes from a 115-volt,
60-cycle circuit. The third size
furnishes 6 amperes and is capable
of charging from three to thirty

cells at anywhere from 1 to 6 amperes.
f these rectifiers comparces favorably with other

character.

The large size has an efficiency of
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To put the rectifier in operation it is only necessary to connect
it to the alternating supply and then connect the secondary cir-
cuit to the load, when it will start to operate automatically. If
the alternating current should fail, the batteries will not discharge,
but the rectifier will immediately resume charging as soon as the
alternating-current supply is restored. Its chief field of useful-
* ness is in small capacity work. Fig. 958 is a photographic view of
the General Electric Tungar bulb.

The advantages of the Tungar rectifier may be briefly summed
up as follows:

1. Low cost. 6. Nothing to adjust.

2. Good efficiency. 7. Self-starting.

3. Inexpensive to install. 8. Long life of bulb.

4. Adaptable to many uses. 9. Simplicity of operation.

S. Small size and light weight

The Westinghouse Company manufactures a similar charging
outfit called the Rectigon. With two bulbs and an auto trans-
former, provision is made for charging from three to thirty
cells in series. Two circuits are provided, in each of which a
charging current of 6 or 7 amperes may be obtained, or the two
circuits may be merged into one in multiple giving a charging
current of 12 or 14 amperes.

SECTION XVII CHAPTER VII
SYNCHRONOUS CONVERTERS
MISCELLANEOUS TYPES OF RECTIFIERS

1. Explain the principle of the “mercury” rectifier. Sketch connections
for a single-phase rectifier.

2. Sketch connections for a three-phasc mercury rectifier.

3. What is the efficiency of a mercury rectifier at various voltages?
What is the net loss in mercury rectifiers? What is the life of a
rectifier bulb?

4. Explain the “electrolytic” rectifier. Sketch.

5. Sketch an electrolytic rectifier of one, two and four cells. What is
the character of currents obtained? What are the relative voltages in
each case? Where should each arrangement be used?

6. What are the advantages and disadvantages of an electrolytic rec-
tifier ?

7. Explain the principle and construction of a vibrating rectifier. Sketch.

8. Explain the principle and construction of the “Tungar” and “Rec-
tigon” rectifiers.



SECTION XVIII : CHAPTER 1

AUTOMOBILE ENGINE IGNITION, STARTING
AND LIGHTING

REQUIREMENTS OF GAS-ENGINE IGNITION

Internal-combustion engines may have the explosive mixture
in the cylinder fired in a number of different ways, but at the
present time all internal-combustion engines used for automobile,
tractor, and airplane propulsion depend upon some form of -
electrical ignition for igniting the fuel charge in the engine
cylinder, and this is accomplished by producing a spark within the
combustion chamber as the piston nears the end of the compres-
sion stroke. ’

Internal-combustion engines used for automobile, tractor and
" airplanes are of the four-stroke-cycle type. They require four
separate strokes of the piston to complete one engine cycle,
namely, the suction stroke in which a charge of air and fuel is
drawn into the cylinder; the compression stroke in which the
vaporized fuel is compressed by the piston into the upper part
of the cylinder, or combustion chamber; the power stroke, at the
beginning of which the gaseous mixture is ignited, and during
which the engine is delivering useful power; and the exhaust
stroke, during which the burned gases are expelled from the
cylinder. To complete these four strokes of the piston, or one
complete engine cycle, requires two revolutions of the crank-
shaft; therefore in any four-cycle engine each cylinder will have
one working stroke for every two revolutions of the crank shaft,
and therefore a spark is required in each cylinder for every two
revolutions of the crank shaft. Many of the modern six, eight,
and twelve-cylinder high-speed engines have a maximum work-
ing speed of about 3,000 r.p.m. which requires about 300 sparks
per second, and from this may be seen the importance of pro-
viding an accurate and dependable ignition system which will
supply each cylinder with a good spark at just the proper time.

Another type of internal-combustion engine which has a
limited use for motor boats and farm lighting plants is known
as the two-stroke-cycle type of engine and requires but two
strokes of the piston or one revolution of the crank shaft to

280
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complete one engine cycle. The usual suction and exhaust
strokes are absent in this type of engine, the mixture being
compressed in the crank case or by an external pump and forced
into the engine cylinder through a port uncovered by the travel
of the piston, at the same time displacing the burned gases
which are expelled through a separate port near the bottom of
the cylinder also opened by the travel of the piston.- For this
type of engine a spark is required for each revolution of the
crank shaft as the cycle is completed in this time, but due to
mechanical construction the speed of a two-cycle engine is

F16. 959.—Principle of make-and-break system of ignition.

limited to about 1,000 r.p.m.; therefore the total number of
sparks required of the ignition system never reaches the maxi-
mum required for the four-cycle type.

Make and Break Ignition

Electrical ignition may be accomplished by either the make-
and-break system or by the jump-spark system. At the present
time, however, the former is being used only on some slow-speed
farm and marine engines and also on engines having a very high
compression.

In the make-and-break system of ignition, Fig. 959, the cur-
rent is made and broken by an igniter I, the contacts of which
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extend into the combustion chamber. The igniter is operated
by a cam and push rod mechanism traveling at one-half engine
speed in the four-stroke-cycle type, and so timed that a spark is
produced in the cylinder as the piston nears the head-end dead-
center. The spark occurs at the instant that the contacts
open and is due to the sudden stoppage of the current in con-
nection with the low-tension spark coil. The coil itself consists
of a single winding, C, over a soft iron core made up of a bundle
of annealed iron wires, W. If the current through the coil is
suddenly interrupted by opening the circuit, a spark of con-
siderable intensity will occur at the point of interruption. This
spark occurs between the points of the igniter within the cylinder
and fires the fuel charge. The spark is caused by the voltage and
current induced due to the cutting of each convolution of the coil
by the magnetic flux surrounding it while the current is flowing,
but which collapses the instant that the circuit is broken. This
induced voltage inay reach a momentary value of several hundred
volts and is sufficient to break down the resistance of the air gap
between the igniter contacts when they are opened, thus allowing
the induced current to flow across the gap and produce a very
hot spark in the cylinder.

Jump-Spark Ignition

In the jump-spark system of ignition, low-voltage current
from a 6 to 12-volt battery or magneto is passed through an
induction coil which transforms it into a high-voltage current
having a pressure of several thousand volts. This high-voltage
current is then made to jump the points of a spark plug inside
of the cylinder and ignites the explosive mixture.

Induction coils used for ignition purposes may be either
of the vibrating or non-vibrating type. The vibrating type
operates with a timer and gives a shower of sparks at the plug,
while the non-vibrating type operates with a breaker mechanism
and gives a single spark at the plug. The non-vibrating coil is
the most popular for automobile ignition, and its application to
the' jump-spark ignition system is shown in Fig. 960. The coil
consists essentially of a primary P, and secondary winding S,
both wound on the same core, which is made up of a bundle of
soft iron wires. The iron for the core is made as.soft as possible
so that it may be magnetized and demagnetized very rapidly.
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The primary winding consists of several layers of about No.
18 B. & S. gauge cotton or enamel insulated wire, wound over
the core and forming an electro-magnet. The secondary or high-
tension winding to which the spark plug is connected is wound
over the primary and consists of several thousand turns of about
No. 36 B. &. S. gauge silk or enamel insulated wire. The wind-
ings are sometimes made up of layers running the entire length
ofgthe coil, and sometimes made up in pancakes or sections and
then assembled over the primary, and connected so that their -
windings will be in series. Each layer and section is insulated

F16. 960.—Principle of jump-spark ignition.

with waxed paper, and after completion the whole coil is im-
pregnated with wax so as to prevent as far as possible any possi-
bility of a breakdown of the insulation between the layers. The
actual pressure necessary to jump the points of the spark plug
under normal compression is about 5,000 or 6,000 volts with the
points properly adjusted, but the secondary is sometimes sub-
jected to a strain of 10,000 to 20,000 volts, and hence every pre-
caution must be taken to prevent the escape of the current at
some, point other than the plug. If the insulation of the coil
should break down, the current would flow from one layer to
another, thus forming an arc within the coil rather than at the
plug.

The perfection of light alloys for pistons for automobile en-
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gines and better balancing of rotating parts has led to the de-
velopment of high-speed, high-compression engines.

The open-circuit battery systems of ignition apparently do not
meet the present requirements and practically all modern systems
employ closed-circuit ignition.

The term “‘closed-circuit,” as applied to battery ignition sys-
tems, may be understood from an inspection of the breaker cams
in general use. Invariably these breaker cams have lobes of
such a shape that the period during which the breaker contacts
are kept apart is considerably less
than the length of time during which
they are kept closed, and hence permit
the primary current to flow.

Referring to Fig. 961, a four-lobed
breaker cam is shown that may be
considered typical of those in general
use, so far as relative values of angles
A and B are concerned, which rep-
resent relative values of the time
interval during which the primary
circuit is open, and during which it is
closed, respectively. A condenser, of
course, is necessary to prevent pitting
of the contacts, as in open-circuit

Fic. 961.—Cam-operated systems. When dry, primary batteries

make-and-break device.  ore yised for ignition, economy of bat-
tery current was of great importance, as the life of the battery
was prolonged as the angle B, during which the circuit was closed,
was decreased.

The economy of battery current is not now so important, as
storage batteries are generally used for lights and starting, and
it is more desirable to get good ignition, especially at high engine
speeds, hence more current is needed and the current must flow
for a longer time to produce complete magnetic saturation of the
core. Prolonging the period during which the circuit is closed
produces the higher degree of magnetic saturation sought.

The use of comparatively large primary currents in the
modern battery system nccessitates some protective device to
prevent burning out of the primary winding of the induction coil
and complete discharge of the battery, should the ignition switch
be allowed to remain closed with the engine not running and the
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breaker contacts closed. Occasionally the contacts stick or
weld. Most systems use a coil of special wire in series with the
primary circuit, which limits the current to a safe value, as the
resistance of this wire rises rapidly as it heats. This wire is
mounted externally on a porcelain form and in such a manner
as to radiate its heat readily. Another method, used in the
Connecticut system, is a thermostat in series with the primary
circuit which operates a vibrator and mechanically opens the
ignition switch in case it has been left in the on position when
the engine is not operating.

In Fig. 960 is shown the circuit diagram of a simple jump-
spark ignition system for a single-cylinder, four-cvcle engine
using a non-vibrating coil operating with a breaker for opening
and closing the primary circuit. The contacts W of the breaker
are normally held closed by a spring and are opened only when
the lobe of the cam strikes the movable breaker arm. The cam
is geared so as to turn at cam-shaft or one-half crank-shaft speed,
so that a spark will be produced every two revolutions of the
engine, or once in every cycle. The cam must be so timed in
its operation, with respect to the moving piston, that the breaker
points will be opened and the spark produced at the plug at the
proper instant for firing, which will occur as the piston is nearing
the end of the compression stroke.

Assuming the cam to be in such a position that the breaker
points are closed, the path of the primary current when the
switch is closed is from the positive terminal B, of the battery,
through switch S and primary winding P of the coil, magnetizing
it, as shown, and to the insulated point C of the breaker. It
then passes through the contacts and contact arm M to ground
G, returning through ground to the negative terminal D of the
battery, which is also grounded. When the primary circuit
is opened by the lobe of the cam raising the breaker arm and
separating the contacts, the core is very rapidly demagnetized.
As the magnetic lines of force collapse, they cut the primary and
secondary windings and induce a voltage in each in such a
direction as to cause a current to flow in the same direction as
the original battery current. By having many turns in the
secondary winding a voltage sufficiently high will be induced in
the secondary circuit to jump across the spark-plug gap, thus
completing the circuit and giving the desired spark in the engine
cylinder. The path of the secondary high-tension current is
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from one end of the secondary winding H to the spark-plug, T,
through insulated terminal, jumping the air gap in the cylinder
between the plug points U to the engine frame and returning
through the frame and grounded circuit to the other end of the
secondary winding V.

From this it will be seen that the primary current is utilized
only for magnetizing the core of the induction coil while the
induced secondary current is used to produce the spark in the
cylinder. When the breaker contacts are closed and the core
magnetized by the primary current, a voltage is induced in the
secondary as well as when the core is-demagnetized, but owing
to the fact that the core is magnetized much more slowly than it
is demagnetized, the voltage induced in the secondary is not
sufficiently high to jump the gap.

The primary circuit of the jump-spark ignition system is
very similar to the make-and-break ignition system, and the
same kind of spark which was produced at the points of the
igniter will be produced at the breaker contacts when they are
opened; but in the latter case this is objectionable as it would
cause burning of the contacts and prevent the core of the induc-
tion coil from being demagnetized rapidly enough to induce the
necessary high voltage in the secondary circuit. This burning
of the contact is prevented and the action of the coil greatly
improved by connecting a condenser, K, across the breaker
contacts.

Condensers for ignition purposes are usually made up of
alternate strips or layers of tin foil and paraffined paper or
thin sheets of mica. The condenser should be located as near
the breaker contacts as possible and is usually located in the
breaker housing or in the coil assembly where it will be protected
from the moisture and heat of the engine.

Referring to Fig. 962, the action of the condenser is as follows:
When the breaker contacts open, thereby interrupting the pri-
mary current, a voltage is induced in the primary circuit which
is in the same direction as the original battery current, and
which would otherwise cause arcing across the breaker con-
tacts. This voltage, however, now causes a surge of current
to pass into the condenser K and charges it. The reaction of
this charge amounts to a condenser discharge which takes place
instantly in the opposite direction back through the primary
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circuit, thus tending to send a current through the primary winding
of the coil in the opposite direction and helping to very quickly
reduce the magnetism of the coil to zero, and thus assisting to in-
duce a very high voltage in the secondary winding.

The exact size or capacity of the condenser must be deter-
mined by experiment for each individual system, depending upon
the amount and size of wire in the primary circuit, the size and
permeability of the core, and the speed of the breaker contacts.
It is important that the condenser be well insulated, as it is
subjected to the full inductive kick of several hundred volts from
the primary winding, and a defective condenser will be apparent
by sparking at the breaker contacts and a very poor spark at the
plug. It has been estimated that a good condenser of the proper
capacity will intensify the spark at the plug from 20 to 30 times,
and many systems refuse to operate at all if the condenser should
be broken down.

F1G6. 962.—Induction coil circuits showing location of condenser to increase
the secondary spark.

Many coils have incorporated in them a safety gap which is
adjusted so that the distance between the points is from 5/16
inch to0.3/8 inch and connected in parallel with the spark plug as
shown at L, in Fig. 960. The purpose of the safety gap is to
provide a by-path for the high-tension current in case the spark-
plug leads should be disconnected or the spark-plug points
become so widely separated that the current will not pass between
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them under high compression of gas in the cylinder. In case
any break should occur in the secondary circuit which would
offer a higher resistance to the secondary current than the path
across the safety gap, the discharge would take place between
the points of the safety gap and prevent the secondary winding
of the coil from being subjected to an excessive pressure which

F16. 963.—Various parts of the standard spark plug.

might break down the insulation of the coil and cause short
circuits between the turns.

Spark Plugs

Spark plugs are used for leading the high-tension current into
the combustion chamber, and the interior construction of a
typical plug is shown in Fig. 963. The central terminal F is
insulated from the outer shell M and terminal by a porcelain or
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mica cylinder /. The outer shell screws into the head of the
engine cylinder so that the points project into the combustion
chamber, and is therefore grounded. The gap between the
points is adjusted to about 0.03 inch for engines of normal com-
pression, although the proper adjustment of the gap will vary
slightly with the compression pressure and the type of ignition
- equipment used. Some plugs have several grounded terminals,
in which case the gaps should all be set alike. After considerable
use the terminal points burn and the gap widens. It should,
therefore, be adjusted from time to time. In case a multiple
point plug is used it is claimed that the points will not be burned
away as rapidly and therefore will have to be adjusted less
frequently.

The requirements of a good serviceable plug are:

1. The insulation, whether of porcelain or mica, must not
be readily coated by a deposit of carbon, which is largely due to
too rich a mixture or too much lubricating oil. The electrical
resistance -of the gas in the cylinder increases as compression
takes place, and a weak battery which may be able to produce
a spark across the points in air may utterly fail to produce a
spark in the cylinder where the gas is under pressure. A similar
result will occur if the porcelain insulation of the plug is cracked
or badly coated with carbon. The plug may spark perfectly in
the open air and yet sufficient leakage occur to short-circuit the
terminal points through a crack in the insulation when placed in
the cylinder. The length of the path from the insulated high-
tension terminal to the grounded terminal over the surface of
the porcelain or mica insulation should be made as long as pos-
sible to reduce the leakage from the deposit of carbon which
gradually accumulates over the plug.

2. The plug should be so constructed that it may be readily
taken apart, easily cleaned, assembled again, and made gas
tight without danger of destroying the insulation.

Spark plugs may be provided with either a one-half inch
tapered pipe thread, or the threaded part may be made seven-
eighths inch in diameter straight, with 18 threads per inch. The
latter has been adopted as standard by the S. A. E. and is used
on nearly all American made cars. The tighter the tapered plug
is serewed into the cylinder the tighter the fit, and this fit is relied
upon to prevent any leakage of gas around the plug. Plugs
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having a straight shank require a copper gasket against which
the plug must be tightly seated to insure that no gas will leak
around the plug. The terminal points of the plug between
which the spark takes place should be made of non-oxidizable
metal and be capable of standing high temperatures.

The successful operation of the plug is determined very largely
by its proper installation in the cylinder and is influenced by
the type of cylinder head used and the shape of the combustion
chamber. On account of the variation in thickness of the
cylinder heads on different types of motors, spark-plug shells
are made in several different lengths so that the sparking points
may always be properly located in relation to the gases in the
combustion chamber. The length of the shell should be such
that when the plug is screwed in the cylinder the inner edge of
the shell will be flush with the inside of the cylinder wall as

shown at A, B, C in Fig. 964. If the shell extends beyond the
inner surface of the cylinder as at D, there is danger of the plug
overheating, and probably causing premature ignition, or the
porcelain insulation may become cracked from the high tem-
perature. If the plug does not extend entirely through the
cylinder wall, as at E, a pocket is formed in which the burned
gases collect and there is danger of misfiring, owing to the fact
that the sparking points are surrounded with burned gases in-
stead of fresh gases. There is also danger of the plug becoming
fouled by oil and carbon accumulation which would result in
short-circuiting.
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SECTION XVIII . CHAPTER 1
AUTOMOBILE ENGINE IGNITION, STARTING AND LIGHTING
REQUIREMENTS OF GAS ENGINE 1GNITION

1. Explain the principle of the four-stroke cycle gas engine.

2. Explain the principle of the two-stroke cycle gas engine.

- 3. Explain the general plan of “make and break” ignition for auto-
mobile gas engines.

4. Explain the general plan of “jump spark” ignition for automobile
gas engines.

5. Explain the scheme of the “open-circuit” contact breaker and “closed-
circuit” contact breaker. Where is each type used and what are its ad-
vantages?

6. Explain the construction of the condenser employed in ignition
work and just how it operates to improve the quality of the spark.

7. Explain the object of a spark plug and the construction of a
standard type.

8. Why should a spark plug be of a certain length and what are the
disadvantages of having a plug either too long or too short.



SECTION XVIII CHAPTER II

AUTOMOBILE ENGINE IGNITION, STARTING
AND LIGHTING

MODERN BATTERY IGNITION

Induction Coils.—In the vibrating type of induction coil a
vibrator is employed for producing a series of interruptions, and
a timer is used for the initial closing of the circuit. In the non-

F16. 965.—Circuits for vibrating coil and timer.

vibrating type of coil the vibrator is omitted entirely, and a
breaker is used for opening and closing the primary circuit. In
the vibrating type a core consisting of a bundle of soft iron wire
is employed, over which the primary winding of heavy, insulated
wire is wound. Over this is a secondary winding of fine, insulated
wire. A vibrator is mounted on the coil housing and connected in
series with the primary. A condenser is connected across the
vibrator contacts to prevent arcing and to increase the secondary
voltage. Fig. 965 illustrates the circuits for a vibrating coil and
timer, in the jump-spark system of ignition. There are two
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distinct circuits, one the primary and the other the secondary,
as with the single spark system which omits the vibrator. The
primary circuit includes the battery B, switch S, vibrator
V, timer T, and condenser K. The secondary circuit includes
the spark plug C, and the secondary winding S, of induction
coil only. The timer, driven by the cam-shaft of the engine,
closes the circuit periodically. The current then flows from
the battery through the primary circuit, as shown by the
arrows. The core of the induction coil is magnetized and exerts
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F1G. 966.—General arrangement of parts
for vibrating induction coil including con-
denser.

_ an attraction for the armature of the vibrator which causes a
separation of the contact points. This interrupts the primary
circuit, and the current ceases to flow. The iron core imme-
diately loses its magnetism, and the spring returns the vibrator
contacts to the closed position. This is repeated very rapidly,
and the vibrator will continue to vibrate so long as the roller
makes contact with one of the segments in the timer. Whenever
the vibrator contacts open, the current in the primary and the
magnetic flux in the core very quickly cease. This induces a
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high-voltage current in the secondary which produces a spark at
the plug. The e.m.f. of self-induction which tends to produce
sparking at the vibrator contacts is absorbed by the condenser,
and a shower of sparks corresponding in number to the vibra-
tions of the vibrator is produced at the spark plug. These
sparks continue throughout the time during which the roller is
in contact with the metallic segment of the timer.

While the high-tension and low-tension circuits of an induction
coil may be kept entirely separate, there is no advantage in
isolating them from each other. It is quite common to connect
the windings together at one point so that ignition-induction coils

Fi1G. 967.—Contact-making timer for
primary circuit.

are frequently found with three terminals instead of four. One of
these terminals is one end of the low-tension winding, another is
one end of the high-tension winding, while the third is common
to both high-tension and low-tension windings. Fig. 966 shows
the arrangement of such a coil designed for a Ford car. It is
customary to employ a separate coil for each cylinder on an
automobile where vibrating coils are used. These coils are
generally placed in a box on the dash and are arranged with
sliding spring connections shown at A, C, and D, Fig. 968, so
that they may be removed individually without disturbing the
car wiring. The switch S on the front of the box controls the ad-
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mission of current from either battery B or magneto M to the
coils. The timer shown at T in Fig. 965 is a revolving switch
designed for completing the circuit in the battery or magneto line

F1G. 968.—Standard wiring diagram showing actual connections for Ford ignition system.

at the proper moment to energize the induction coil which supplies
the spark for firing a certain cylinder.

Fig. 967 shows the general appearance of the timer used on a
Ford car. The roller mechanism R is mounted on the end of
the camshaft L and therefore revolves at camshaft speed.
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As the roller touches each of the four metallic insulated
segments in turn, a circuit is completed from the magneto or
battery through the primary of the induction coil and through
the particular segment which the roller touches and induction
coil connected thereto. This causes the vibrator to operate,
and a shower of sparks in rapid succession is produced at the
plug supplied by this coil. The surrounding framework of the
timer does not rotate, but it is capable of being shifted forward
or backward through a limited angle so as to alter the time in the
engine cycle when the firing shall occur.

* Fig. 968 represents the electrical circuits through the four
induction coils, timer, battery, and switch on a Ford car. The
spring contacts by which each of the induction coils completes
its circuits when placed in the retaining box are shown at A, C,
and D. The plate in the bottom of the box which is common to
all the coils, and leads to the switch, is shown at P, the condensers
at K and the vibrators at V.

Fig. 969 shows the actual position of the induction coils with
the low-tension terminals A, B, C, D, and the high-tension
terminals E, F, G, H, the battery terminal B, magneto terminal
M, wiring, timer and headlights.

Time of Firing

On all automobile engines it is necessary to vary the time of
firing when the speed of the engine varies, as there is a certain
time interval after the spark is produced before the explosion
takes place and this interval is independent of the speed of the
engine. If the engine is operating at high speed, it is necessary
to produce the spark before the piston reaches the point where
the crank is on dead center, if the full force of the exploding gas
is to act upon the piston immediately after it passes the center
point. On the other hand, if the engine speed is low, the spark
may be produced later and the full energy of the exploding gas
will still be exerted immediately after the piston passes over upper
dead center. When an engine is started it is desirable that the
spark shall occur when the crank is practically on dead center.
If, however, a high-tension magneto is employed when starting,
it is desirable to have the spark occur slightly before the dead-
center point. This is particularly true when an electric starter
is employed, as the rotational speed of the engine is much higher
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then than when cranked by hand; and the energy stored in the
fly-wheel is sufficient to carry the cranks past the dead-center
position. ’

From the foregoing it will be evident that it is highly desirable
to alter the time of firing to suit various conditions. This is
accomplished by shifting the housing of the ‘‘timer” or “breaker,”
which will thereby cause the interruption of the primary current
and the production of the spark in the cylinder at an earlier or
later point in the cycle. A spark-control lever for this purpose
is usually attached to the steering column. When starting the
engine it is important that the spark should be produced late
in the cycle; that is, it should be retarded until after the piston
has started on its downward stroke. It is then advantageous to
advance the spark as the engine increases in speed. Care should
be taken, however, not to advance the spark too far, for if gas
is ignited too early the explosion reacts against the piston before
it reaches the top of its stroke, which gives a pound in the
cylinder and is accompanied by a reduction in power. The most
-economical position for the spark may be determined experi-
mentally and is reached by advancing the time of firing, so far
as possible, without causing the engine to pound. There is a
considerable advantage from the standpoint of economy in gas

consumption if the greater part of the combustion takes place

while the crank is passing the upper dead-center position. Any
portion of the combustion which takes place before the crank
reaches dead center is not only wasted but is a hindrance. On
the other hand, if the combustion is unduly delayed, the full
energy contained in the fuel will not be realized in the explosion
stroke of the engine and less actual work will be done.

The rate at which a given charge will be ignited depends upon
the quality of the fuel and the mixture. A weak mixture or too
rich a mixture will burn more slowly than one which is properly
proportioned. Fuel possessing a large percentage of heat units
will also burn more rapidly than one low in heat value. The
real governing factor in determining the rate at which combustion
takes place is the intensity of the heat generated. A spark at
the plug ignites the gas immediately adjacent thereto. The
heat thereby produced is transmitted to the surrounding charge
and this burns, transmitting heat to succeeding layers of adja-
cent gas. The greater the intensity of the heat generated the
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greater will be the rate of propagation. The pressure employed
also influences the rate of combustion. When a charge is com-
pressed to a very high value in a small space, the heat generated
for each cubic inch is greater and the flame has a shorter distance
to travel before the whole charge is ignited.

The location of the spark plug also has an important bearing
on the rapidity with which combustion takes place. If it is
situated near the center of the combustion chamber, the whole
charge may be fired more quickly than if it is situated on one
side. To increase the rapidity of combustion, some engines
employ two spark plugs, one over each valve, arranged to spark
simultaneously. ' )

Timing Battery Ignition Systems

The type of ignition system used and characteristics of the
engine and operating conditions all influence. the procedure
involved in timing ignition apparatus.

First: Turn engine over, using hand crank until No. 1 piston
is at exactly the end of the compression stroke. To determine
this position, if no marks are shown on the fly-wheel, proceed as
follows: Remove spark plug No. 1 and place a finger over the
spark-plug hole, and when the crank is turned the compression
stroke can be readily detected in that cylinder. Usually the
exact top of stroke may be seen through the spark-plug hole or a
wire may be inserted to give an indication.

Second: Put spark lever in ‘‘full retard position’’ and examine
the rod and lever connection to the breaker box to see that no
excessive lost motion exists. If lost motion is there, a light
coiled spring may be attached to keep breaker box arm in proper
retarded position. .

Third: Remove the high-tension distributor cover and arm,
then loosen the clamp screw which holds the breaker cam. Now
turn the cam into such a position that it permits the breaker con-
tacts to open and check the amount of opening between the con-
tacts by a standard gauge furnished by the manufacturer; or, in
absence of this, set the contacts so that about 0.015 inch space
exists when fully open, and secure lock nut on the adjustable con-
tact. Be sure to inspect the contacts for proper alignment and
surface contact. Now replace temporarily the high-tension dis-
tributor arm and turn until it is directly under or opposite, as the
case may be, the high-tension terminal in distributor cover leading
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to No. 1 cylinder, thus locating the proper cam lobe for firing No. 1
cylinder. Again remove the distributor arm and locate final
position for the breaker cam by turning slightly, in either direc-
tion, until the position is reached where the contacts will be just
closing, when the back-lash in the distributor gearing is taken
up, by turning the cam by hand in the opposite direction to that
of normal rotation. The cam should now be securely fastened
by its clamp screw. For exact timing, the following absolute
check may be applied:

Use a small low-voltage test lamp, which should be connected in
parallel with the breaker contacts. Aslong as the breaker contacts
are closed and make electrical contact the lamp will show dark, but
will light up with current from the ignition battery, the instant
the contacts open. Now turn the hand crank as slowly as possible,
stop cranking the instant the lamp lights, then test No. 1 cylinder
and see if the piston is at the exact top center on the compression
stroke. If the cam is not in proper position, make a correction by
readjusting and test again. On engines using dual breakers, as
Cadillac, Pierce-Arrow, Stutz, etc., both breakers should open at
the same instant to get the best results, it being estimated that one-
thousandth of a second difference between the two sparks in the
cylinder destroys most of the advantage of the two-spark method
of firing the charge. So that, by adjusting one set of contacts
first and then using a test lamp across each set of breaker con-
tacts, the second set may be made to synchronize with the first,
by adjusting the second set of contacts until both lamps light at
the same instant. Now replace the distributor arm and note with
which high-tension terminal it is in contact. Then attach the
wire from No. 1 plug to that distributor terminal. Attach the
other-high tension leads to the other terminals so that the proper
firing order will be observed. Be sure the high-tension leads are
connected to suit the proper direction of rotation of the distrib-
utor arm. The above method is satisfactorily applied to
timing of such systems as require removal of the cover of the
distributor to adjust the position of the cam in the primary
breaker housing.

Such systems as the Connccticut do not require the removal
of anything to time properly. In this system, all that is neces-
sary is to loosen the set screws that hold the distributer shaft
(they are outside of the breaker box), then slowly turn the breaker
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cam in normal direction until you get a spark at No. 1 plug,
having previously turned on ignition switch and retarded spark
lever. Then fasten the set screws again on the distributer shaft.

F16. 970.—Wiring circuits for non-vibrating jump-spark coil and high-tension distributor.
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Modern Battery Ignition Systems

The principal parts in a modern ignition system are a storage
battery, an induction coil of the non-vibrating type, a breaker
and a high-tension distributor. The storage battery supplies
current for the starting and lighting system as well as for igni-
tion. The high-tension distributor and the breaker for the low-
tension circuit are combined in a single unit, driven either through
spiral gears from the same shaft which drives the generator or
by a special shaft provided for the purpose. The usual location
for the induction coil is on top of the charging generator and
close to the breaker and distributor which are frequently carried
on one end of the generator. The switch for controlling the
ignition circuit may be combined with the lighting switch or
constructed independently. It is located on the instrument
board. Fig. 970 represents the circuits through a standard
automobile ignition system of this type. The breaker-contact
points and distributor are both operated by a vertical shaft, and
the distributor arm is carried on the upper end immediately
above the cam which operates the breaker points. On engines
of the four-stroke-cycle type it is necessary that the entire
number of cylinders, whether there be four, six, eight or twelve,
shall fire in two complete revolutions of the crank shaft. In one
revolution of the crank shaft it is therefore necessary that one-
half of the total number of cylinders must receive an ignition
spark and fire. An ignition system must therefore deliver two
sparks for a four-cylinder engine, three sparks for a six-cylinder
engine, four sparks for an eight-cylinder engine, and six sparks
for a twelve-cylinder engine within each revolution of the crank
shaft. To accomplish this it is necessary to employ a cam
having four, six, eight, or twelve lobes for lifting the breaker arm
and interrupting the primary circuit. The high-tension dis-
tributor must have as many segments as there are cylinders,
equally spaced from each other so that the high-tension current
may be directed to the plug in the proper cylinder at the right
time. This system requires that the cam in the breaker housing
and distributor arm in the distributor shall be driven at cam-
shaft speed—that is, one-half crank-shaft speed.

As the spark in the cylinder is produced at the moment when
the breaker contacts open, it is absolutely necessary that the
lobes of the cam operating these contacts shall be accurately
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spaced so that the spark in each cylinder will occur at relatively
the same point in the revolution. Since the distributor shaft
revolves at one-half crank-shaft speed, the segments in the dis-
tributor and the lobes on the cam must therefore be spaced so
as to correspond to one-half of the angle through which the
crank shaft passes during the period between successive explo-
sions in the cylinders. This angle between successive explosions
is 180 degrees for a four-cylinder engine, 120 degrees for a six-
cylinder engine, 90 degrees for an eight-cylinder engine, and
60 degrees for a twelve-cylinder engine. As 360 degrees com-
prise one complete revolution, it is a simple matter to determine
the angle between successive explosions by dividing 720 degrees,
which comprise two revolutions, or one complete cycle, by
the total number of cylinders which the engine contains. Thus
the angle in a four-cylinder engine between explosions is
720°

-4—=180°.

The Timer

The object of the breaker or primary interrupter is to close
and open the primary circuit and thereby magnetize and demag-
netize the core of the induction coil so that a spark may be pro-
duced at the plug at the proper time. If a non-vibrating coil is
employed, this secondary spark will be produced at the moment
when the contact points open. These points are usually made
of an alloy of tungsten and platinum, one being fixed in position
while the other is attached to a pivoted arm so it may swing
under the pressure of the cam. The points are normally held in
contact with each other by means of a spring. As the distributor
shaft revolves, each lobe in turn forces the contact on the movable
arm away from the stationary contact, opening the circuit at
the points about 0.02 inch. As this circuit opens, the current
in the primary of the induction coil falls, and the resulting col-
lapse of the magnetic flux of the core upon the secondary winding
induces a high-voltage current which is led to the spark plug.
The contact points of the breaker are of a non-oxidizable material
and designed to stand a high temperature so that they will last
a long time éven though subjected to more or less heat, due to
sparking. A condenser is employed in shunt with these con-
tacts, however, to suppress the sparking as much as possible.
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The Distributor

The distributor has an insulated central terminal which passes
through the head and connects with the high-tension terminal of
the induction coil. Equally spaced around the interior of the
insulating housing of the distributor are as many metal segments
as there are spark plugs. Distributor heads were formerly made
of hard rubber, but they are now generally made of bakelite or
some other composition which does not deteriorate under the
influence of heat or oil. A carbon brush is usually provided on
the inside of the distributor head which is held by a spring in
contact with the rotating arm on one side and connects with the
high-tension cable on the other side. This device provides a
sliding connection between the cable and the moving arm. This
arm, also of bakelite, is designed to fit upon the revolving shaft in
only one position, so that it may always be brought in contact
with the proper stationary segment when the time for a particular
cylinder to fire has arrived. In some forms of distributors, the
revolving arm has another carbon brush or metal button on its
end which actually wipes across the stationary contacts. In
other forms this arm simply moves close to, but does not actually
touch the stationary segments. As the e.m.f. on this circuit is
between 5,000 and 10,000 volts it is not essential that the revolv-
ing member actually touch the stationary segments, for the volt-
age is sufficient to easily jump the gap.

Two spring clips are provided for holding the distributor head
in position. These are arranged so that the head can readily be
removed for adjustment or inspection. If the revolving arm
actually makes contact with the stationary segments, the cap
should be removed after the car has traveled one or two thousand
miles, and the path through which the moving member travels
should be wiped clean of any dirt or carbon deposit which might
cause internal short-circuit. A cloth to which a little heavy oil
or vaseline has been applied should be employed for this purpose.

Compensating Resistance Unit

On closed-circuit ignition systems the induction coil is provided
with a resistance unit which may be seen at R in Fig. 970, being
usually mounted on the end of the coil. This unit consists of a
few convolutions of high-resistance wire, such as nichrome or
German silver. This wire possesses a positive temperature
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coefficient—that is, its resistance will increase when it is heated
up. If the ignition switch is left in the ““on position”’ when the
engine is standing still and the breaker contacts closed, the
current passing through the induction coil is led through this
resistance unit in series therewith. The unit will heat up im-
mediately and at the same time increase its resistance to such an
extent as to substantially reduce the flow of current from the
battery through the primary winding of the coil. This protects
the coil against damage from overheating and at the same time
reduces the rate of discharge from the storage battery. The
coil is designed to stand the large current required for ignition
purposes momentarily but is not designed to carry such current
continuously. The duration of each individual closure of the
breaker contacts is very brief. If the speed of the engine is high,
the contacts remain closed for a short time; if the speed is low, the
duration of closure is greater. The longer the time which the
contacts are closed the greater the current. The resistance unit
will therefore be heated slightly, and the current will automatically
be reduced. This tends to equalize the intensity of the spark at
high and low-engine speeds. Should the voltage of the battery
fall, this resistance unit assists the coil to produce a hotter spark,
for it will not serve to check the current until it has reached such
a value as to raise the temperature of the unit.

Testing Induction Coils

To determine the condition of the induction coils it is necessary
that they be tested. As they are generally sealed with a hard
wax they can only be examined from the outside.

To test a vibrating coil a low reading ammeter capable of a
range from 0 to 3 amperes should be connected in series with the
coil and a 6-volt battery. The secondary terminals should be
brought to within 14 inch of each other by means of wires.
When the circuit is completed through the primary winding the
vibrator should operate freely and give a good, strong spark.
The screw on the vibrator should now be adjusted until the
current absorbed is between 3{ and 1 ampere. This should
result in a good, heavy discharge across the secondary gap. If
the discharge is yellow or feeble, it indicates a weak coil or im-
proper adjustment. If you can blow the spark out with your
breath, it indicates an improper adjustment of the vibrator.
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If the primary is consuming its proper current and the vibrator
operating and yet no secondary spark is obtained, it indicates the
probability of a break inside the coil.

Should the ammeter indicate an abnormally large current, it is
probable that the primary winding has become short-circuited
or that the vibrator contacts are stuck together. With the coil
operating properly a very faint spark will generally appear on the
vibrator contacts. If this spark becomes blue in color and large
in volume, giving off a snappy sound, it indicates that the con-
denser within the coil is probably open-circuited. The vibrator
points will then become rapidly pitted and will soon be
unworkable.

Non-vibrating coils have very little to get out of order. Some
types contain the safety spark gap and condenser in the same
housing with the coil, but either or both of these may be located
elsewhere in the system. To test a coil of this type one end of a
piece of wire should be attached to any part of the.engine frame
and the other end should be brought to within about 1{ inch of
the high-tension terminal of the coil. If the breaker contacts in
the interrupter are then opened, a good, sharp spark should jump
between the high-tension terminal and the grounded wire. This
will indicate that the coil is in good condition. Failure to secure
a spark under these conditions indicates a defect within the coil,
such as a short circuit in the primary, an open circuit in the
secondary winding, or a failure in the condenser. As has already
been set forth, the condenser is connected in shunt with the
breaker points in a non-vibrating coil, and across the vibrator
contacts in a vibrating coil. It is of ample capacity to absorb the
e.m.f. of self-induction, thus preventing the piling up of charges
on the primary contact points, so as to form a spark or arc. The
secondary spark will be most effective if the condenser acts
properly. Should the condenser break down or be removed, it is
practically impossible to get a secondary spark suitable for firing.

The tin-foil layers in the condenser may be punctured by a
high-voltage discharge and the breaker contacts in shunt there-
with be thereby short-circuited, or the connections to the con-
denser terminals may be broken, thereby opening the circuit.
If the condenser is short-circuited, the primary circuit cannot be
opened, for the short-circuit therein bridges the breaker contacts.
No spark can therefore be produced at the spark plug. If the
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circuit to the condenser is broken, it is not permitted to absorb
the e.m.f. of self-induction, and the secondary spark is feeble.

The condition of the condenser can usually be determined in
the following way: Open and close the contacts at the breaker
points and observe the quality of the spark produced across a
l4-inch gap in the secondary circuit. If a good, thick, blue
spark is obtained in the secondary circuit and there is no objec-
tionable spark at the breaker contacts, it may be assumed that
the condenser is in proper condition. If, on the other hand, the
secondary spark is feeble and considerable spark is observed at
the breaker points, it is probable that the condenser is open-
circuited. If no spark is produced in the secondary when the
breaker points are opened, while at the same time current flows
in the primary, it may be assumed that the condenser is short-
circuited.

Automatic Spark Advance

In some automobile systems the advancing or retarding of the
spark is cared for automatically, being governed by the speed of
the engine. This relieves the driver of the responsibility of
changing the setting of his spark during ordinary driving. In
one form of device for advancing the spark, the governor has a
revolving weight which is carried on the distributor shaft below
the cam which operates the breaker. The entire mechanism is
arranged so that the weights move outward against the resistance
of a spring, and as the engine speeds up the cam and ring are
shifted forward with respect to the timer shaft.

With the manual spark advance the operating lever is placed
on the steering column and the proper position is determined by
the judgment of the operator.

SECTION XVIII CHAPTER 11
AUTOMOBILE ENGINE IGNITION, STARTING, AND LIGHTING
MODERN BATTERY IGNITION

1. Explain the action of a vibrating induction coil for ignition purposes.
Sketch.

2. Explain the action of a non-vibrating induction coil for ignition
purposes. Sketch,
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3. Explain the construction and object of the low-tension timer.

4. Explain the general scheme of the ignition system employed on
Ford automobiles. Sketch.

S. Explain why it is desirable to alter the time of firing in an auto
engine.

6. Explain how to “time” the firing of an engine using a battery ignition
system.

7. What are the principal parts of a battery ignition system with a
high tension distributor for a four-cylinder engine? Sketch complete
circuit.

8. Is the ignition spark produced when the timer contacts open or
close? Why?

9. Of what material are the timer contacts made? Why?

10. Explain the construction and advantages of the high tensicn dis-
tributor.

11. Explain the object and construction of the “compensated resistance
unit” on an induction coil.

12. Explain how to make the proper adjustment of a vibrating induc-
tion coil. Approximately what amount of current should such a coil
consume ?

13. Explain how to determine whether the condenser in an ignition
system is open-circuited, short-circuited or in good condition.



SECTION XVIII CHAPTER III

AUTOMOBILE ENGINE IGNITION, STARTING
AND LIGHTING

Magnetos

Magnetos are used extensively for ignition purposes on auto-
mobiles of all kinds. They consist of two parts: the field struc-
ture, composed of laminated compound steel permanent mag-
nets, and the armature, on which is placed a winding designed
to revolve within the field and thereby produce the ignition
current. There are two general types of magnetos; (1) The type
with a wound armature, the core of which is usually of “H" con-
struction, and (2) the inductor type. In the first, the conduc-
tors themselves revolve in the magnetic field. In the second,
the conductors are stationary, and the rotor produces the neces-
sary alteration in the magnetic flux. '

Magnetos may also be classified as either high-tension or low-
tension, depending upon the voltage which they generate. Both
of these types may have either a revolving armature or they may
be of the inductor type.

Low-Tension Magnetos

In the low-tension magneto the armature winding is of coarse
wire, usually about No. 18 gauge, and the voltage generated is
low. In order to raise the potential to a suitable velue for igni-
tion purposes, it is nécessary to employ an induction coil. This
coil must have a low-tension winding which receives current from
the magneto and a high-tension winding in which the requisite
voltage for ignition is generated.

The high-tension magneto combines in one structure the ele-
ments of generator and transformer. No external induction
coil is therefore required. The windings, which correspond to
the primary and secondary of the induction coil, are both placed
upon the armature of the magneto. The condenser, to care for
the spark at the breaker contacts, is also frequently carried within
the armature housing.

A distinction should be made here between the true high-
tension magneto and the type manufactured by some com-
panies in which a transformer coil is placed outside of the mag-
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neto and the armature has a low-tension winding. This type is
sometimes designated as a high-tension magneto. But it is
not in the proper application of the term.

A
'._.401.?

270° 360°

Fic. 971.

Revolving armature magnetos require sliding contacts in order
to collect -the current. In the inductor type no such sliding
contacts are necessary, as the windings are stationary.

Fig. 971 shows a wave of current produced by the ordinary
“H” type of magneto armature, sometimes called ‘‘shuttle-
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wound’’ because it is wound like a shuttle. Thereis a consider-
able departure from the sine wave of e.m.f. produced in large
alternators. It is evident that only a portion of this wave is
useful for ignition purposes as during the rest of the time the

.
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voltage is not sufficiently high. The effective range is between
the dotted lines A-B and represents an arc of about 40 degrees.
The actual position of the armature when the current is of a
maximum value as shown at A is illustrated in Fig. 972. The
actual position of the armature when the current has fallen to
B is shown in Fig. 973. It is only through this range, therefore,
that current may be obtained for ignition purposes. The posi-
tion in Fig. 972 represents the extreme point of spark advance
and the position in Fig. 973 the point of extreme retard. Because
‘of the shape of the core, any further advance ahead of Fig. 972,
or retard beyond Fig. 973, would give too low an e.m.f. to pro-
duce a suitable spark.

It is therefore necessary to have the magneto driven by gears
from the engine shaft so that the armature will never vary in its
proper relation to the position of the cranks and the proper time
for firing. As the current reverses in each half-revolution it is
evident that there are two ranges during which a spark may be
obtained; one, Fig. 971 in a positive direction, and one in a nega-
tive direction. Thus, two sparks may be obtained for each
revolution of the armature. In a four-cylinder automobile
engine this necessitates the armature revolving at crank-shaft
speed. It will therefore produce four sparks while the crank
shaft makes two revolutions. With a six-cylinder engine it is
required that the magneto shall make three revolutions during
two revolutions of the crank shaft.

Where a low-tension magneto is employed with an external
transformer for raising the voltage, provision is usually made for
using a dry battery as an alternative source of supply instead of
the magneto. The batteries can be used for starting when the
speed of the magneto is low and also for running in case of
emergency. As the breaker employed for magnetos maintains
the circuit closed during most of the cycle, the life of the batteries
would be short if the same breaker was employed. It is usual,
however, to provide connections in the switch so that an inter-
rupter is in series between the battery and the coil. In this case
the spark is induced by the interrupter rather than by the
breaker. In some dual systems a push button is employed in
connection with the switch for the purpose of operating a vibra-
tor so that the spark may be produced without cranking the
engine. If an explosive charge happens to be in the cylinder
through which the spark is directed, the engine may start.
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The Ford Magneto.—The magneto universally employed on
Ford cars is of the inductor type and furnishes an alternating
current under a relatively high frequency. It is a low-tension
machine and supplies current for vibrating induction -coils
mounted on the dash. Fig. 974 shows the magnets which are
carried on the fly-wheel and Fig. 975 the stator which supports
the coils. There are sixteen coils in the winding carried inside the

Fic. 974. F16..975.
Forp MAGNETO

fly-wheel housing. The magnets rotate within a distance of 1/32
inch from the coils. The north poles of two adjacent magnets are
fastened together, as are also the next pair of south poles. When
a pair of north poles are in front of one of the coils, the magnetic
flux passes through the core of one coil, through the plate which
supports the coil and out through the core of the adjacent coil
to the south poles. The current reverses every time the flv-
wheel makes 1/16 of a revolution. This results in sixteen
current impulses for every revolution of the fly-wheel. At 1,800
r.p.m., or 30 miles per hour, this means a frequency of 240 cycles
per second. All the coils are connected in series, and one end of
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the circuit is grounded on the engine frame. The other end
leads through an insulated binding post to the outside of the
engine. From this terminal a circuit leads to all four of the
induction coils through a metallic plate for the purpose, located
in the bottom of the coil box, as shewn in Fig. 968. The
other four terminals of the coils lead to the four binding posts
of the timer, which is carried on the front end of the cam-
shaft. As one side of the magneto is grounded and as the timer
completes the circuit through its insulated terminals and the
revolving roller to the ground for each induction coil in proper
order, it is evident that the magneto current will pass through
whichever coil is grounded through the timer. These coils are
each provided with two windings and a vibrator.

There is a marked difference between this magneto and those
previously described. Because of the high frequency of the
current delivered and the fact that successive impulses follow
each other very closely, it is not necessary to have the magneto
timed with respect to the engine.

The frequency is so high that the variations of the current
cause only a slight alteration in the instant when the spark is
produced, and there is no practical disadvantage in the fact
that the current repeatedly falls to zero. The arc of contact in
the timer is sufficiently great to cause one current wave to merge
into the next, so that, if the moving magnets are in a position
where no current is produced when the timer first makes contact,
the crank shaft need move only a very few degrees before the
magneto reaches a position where it will generate sufficient
current to induce a discharge from the coil. It is therefore only
necessary to rotate the housing of the timer to vary the ignition
of this system. It is customary to fix the point of firing so that
contact will be made in the timer of cylinder No. 1 when the
piston in that cylinder is about 1§ inch below dead center on the
explosion stroke when the spark-control lever on the starting
wheel is in the full retarded position.

High-Tension Magnetos

As has already been stated, the high-tension magneto is a self-
contained machine in which the requisite high voltage is pro-
duced for jumping the gap in the spark plug without the aid of
- any external-induction coil. The armature winding consists of
two sections, a primary and secondary, which are connected to
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each other. The interrupter is attached to the end of the mag-
neto shaft and the distributor is geared immediately above it.
The Bosch Magneto.—One of the most widely used magnetos
is the Bosch. A sectional view of this machine, showing the
orincipal parts, is given in Fig. 976. It has an armature of the

16. D
17. A
18. C
19 F
F1G. 976.—Sectional view of Bosch high-tension magneto.

of heavy wire and a secondary winding of many convolutions of
fine wire, the latter being wound outside of the primary. A
condenser is placed in the end of the armature and revolves with
it. The interrupter for breaking the primary circuit is placed on
an extension of the armature shaft, and the condenser is placed
in shunt with it. The breaker points are separated by means of
cams placed on the inside of the interrupter housing. This is a
different arrangement from that found on the low-tension mag-
neto, where the cam is carried on the armature shaft and the
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breaker on the housing. It is generally considered advantageous,
however, to have the breaker, primary winding, and condenser all
mounted on the armature shaft, as this gives a very compact and
efficient construction.

As indicated in Fig. 977, the first or inner end of the low-tension
winding of the armature is grounded on the armature core, and
the common connection between the high-tension and low-
tension windings is brought out through an insulated path to the
breaker contact. A good ground for the magneto armature is

sc

F1G. 977.—High-tension and low-tension circuits for Bosch high-tension
magneto.

assured by means of a brush which slides on the armature hous-
ing and which connects with the frame of the magneto. The
low-tension winding is normally maintained on short-circuit
through the breaker contacts. As the armature revolves, the -
voltage, and therefore the current generated in this winding,
varies from zero to a maximum value. The high-tension winding
also generates a considerable voltage, due to cutting of lines of
force of the permanent magnetic field. This voltage, however,
is not sufficient to bridge the gaps at the spark plugs. When
the proper time for firing arrives, the breaker contacts open and
the short-circuit on the low-tension winding is interrupted. The
delivered current is now due to three causes. First, as the cur
rent collapses in the primary winding, due to the opening of the
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short-circuit thereon, mutual induction sets in between the
low-tension and high-tension windings. Second, the generated
voltage in the secondary winding, due to the rotational effect
of the armature. This e.m.f. is in the same direction as that
generated in the secondary winding by mutual induction. Third,
to whatever extent mutual-induction fails between the low-tension
and high-tension windings due to leakage, to precisely this extent
self-induction ensues in the primary winding. As the low-tension
and high-tension windings are in series, the e.m.f. of self-induction
and the e.m.f. of mutual induction all combine to aid the voltage
due to generator action in the secondary winding, and a veri-
table flame is produced at the spark-plug points of such inten-
sity that it may properly be characterized an arc. Magnetos
of this type have sometimes been designated “arc light” ma-
chines because of this action.

To stop the engine, a switch is employed which permanently
short-circuits the low-tension winding. This kills the e.m.f. of
both mutual-induction and self-induction, and the normally
generated secondary e.m.f. is not sufficient to bridge the spark
gap at the plugs.

The magneto armature is driven through gears at crank-shaft
speed, while the distributor above it is geared for cam-shaft
speed, which is one-half of crank-shaft speed. When the inter-
rupter housing is in the fully advanced position, the armature
should be in the position shown in Fig. 972, at the moment when
the breaker contacts open. It is then possible to shift the
timing lever between 30 and 40 degrees, which will rotate the
housing of the breaker contacts to the full-retard position. This
insures that a spark of maximum intensity will be produced
when the engine is running at normal speed and the housing set
for full advance. :

Referring to Fig. 977, the outside terminal of the high-tension
winding of the armature leads to a highly insulated slip-ring on
the back of the armature, on which is placed a carbon brush.
This brush collects the high-tension current and leads it through
a rod to the center of the distributor, where contact is made with
the revolving arm. The high-tension current is then directed
to the proper cylinders in order. After passing to the engine
frame, the current returns via the grounded circuit to the frame
of the magneto, thence through the armature core to the inside
end of the low-tension winding.
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When a high-tension magneto is assembled it is important
that the gears between the armature and distributor should be
set with the proper relation so that the distributor arm will make
contact in the housing with the proper segment at a time when
the interrupter points break the circuit in either the advance or
retard position. The span of a Cistributor segment is made
sufficient to accomplish this purpose. When the spark is set
for full advance, the brush in the distributor should be just coming
in contact with a given segment, and when the breaker contacts
open, the brush should be just leaving the same segment with
the interrupter housing shifted to full-retard position.

Fi1G. 978.—General arrangement of circuits for Bosch system
of dual ignition.

Because of the high voltage generated in this type of magneto
it is necessary that a safety gap be provided to prevent puncture
of the armature insulation or the breaking down of the condenser
in case the circuits leading to the spark plugs should be inter-
rupted. This gap is shown in Fig. 977, placed just above the
armature at the rear. The contact points which are placed
across the high-tension circuit are separated about 5/16 inch.
Sparks should not be permitted to jump these contacts continu-
ously, as there is danger of injuring the armature winding or
breaking down the condenser.
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The Bosch Dual System.—In the Bosch dual-ignition system
a standard high-tension Bosch magneto, carrying two sets of
breaker contacts, is employed. Attached to the armature shaft
is a disk with two segments, through which the current is col-
lected. The rollers or cams are carried on the interrupter hous-
ing. The magneto is also provided with a steel cam, having
two projections and built into the interrupter disk. This cam
operates a lever carried on the interrupter housing and is con-
nected in the battery circuit, so as to serve as a primary inter-
rupter for the battery current. When the battery is used, a
non-vibrator transformer coil is employed to step up the voltage.
The induction coil used with this system is mounted in a brass
case and arranged to be attached to the dash board. The wiring

End View of Magneto. Longitudinal Section of Magneto.
Fi16. 979.—Remy inductor type of low-tension magneto.

for this system is shown in Fig. 978. Dual ignition involves more
or less complication in wiring and equipment.

The Eiseman Impulse Starter.—Many magnetos do not give
a spark of sufficient intensity to fire the engine when cranking by
hand. The makers of the Eiseman magneto have overcome this
difficulty by a device called an “impulse’” starter. This con-
sists of a spring coupling between the source of power and the
magneto armature. When cranking, this spring is compressed
and the armature positively driven, the coupling being main-
tained rigid through the medium of a trigger. When the time
for firing arrives, however, the cam on the trigger ring engages
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the one on the tube within and disengages the trigger. This
allows the spring, which has already been compressed, to spin
the armature of the magneto past the firing point and thus
provide a hot spark. When the rotational speed is slow the
trigger is caught as it passes the notch, but when the rotational
" speed is high, as when the engine is firing, centrifugal force pre-
vents the trigger from entering the notch provided for it. A
permanent solid connection is therefore provided for driving at
high speed. With this type of starter an auxiliary ignition
system is not necessary.
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The Remy Low-Tension Magneto.—Attention has already been
diected to the inductor type of magneto. The Ford and the Remy

Fic 981.
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belong to this class. In the Remy magneto both the coils and
the magnets are stationary, the flux being cut by the rotation of
an S-shaped rotor within the coil. The reversal of the flux gen-
erates the current in the stationary winding. Fig. 979 illustrates
the construction of the Remy magneto. All moving wires, car-
bon brushes and sliding contacts are eliminated. The rotating °
part is a solid steel shaft carrying two simple forgings or inductor
wings, one on each side of the winding. The stationary winding
is directly connected through a circuit breaker with the primary
of a non-vibrator coil. The design of the rotor is such that the
current wave is considerably prolonged, allowing a range of
timing something over 60 degrees of the inductor’s revolution.

The Dixie Magneto.—Onc of the most unusual types of in-
ductor magnetos is the Dixie, invented by Charles T. Mason.
This machine is manufactured by the Splitford Electric Company.
The magneto consists of a pair of magnets, a field structure, a
stationary winding, a rotor, a circuit interrupter and a con-
denser. The rotor carries two wings, N and S, Fig. 980, sepa-
rated by a bronze casting, B. The polarity of the wings is al-

Fic. 982. Fic. 983. FiG. 984

ways the same, for the magnetism never reverses therein. The
rotor in revolving allows the magnetic flux to circulate through
the core of the winding in alternating directions, according to
the position which the rotor occupies with respect to the poles
of the field structure. A view of this magneto with cover re-
moved is shown in Fig. 981.
ill be noted that the path of the flux through the
o right. In Fig. 983 the flux does not pass
at all, while in Fig. 984 the flux passes through
it to left. When the magnetic flux is changing
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in the core of the coil at a maximum rate, the highest voltage and
therefore the greatest intensity of current will be induced. This
occurs in the position shown in Fig. '
983. This is the point where the
interrupter contacts should open
the primary circuit. Fig. 985 gives
a very clear idea of the magnetic
circuit. A diagram of the electri-
cal circuits for this magnetois given
in Fig. 986. When the primary
circuit is broken, a high-voltage
current is induced in the secondary
winding, this current being directed to the proper spark plug
by a geared distributor carried above the rotor shaft.

%

F1G. 986.—General arrangement of coil and circuits in Dixie inductor-type
magneto.

An unusual feature found in this magneto is the ability to shift
the pole pieces together with the timing lever for the purpose of
retarding or advancing the spark. This allows the breaker con-
tacts to open the primary circuit when the primary current is at
its maximum value regardless of the position of advance or
retard.
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Magneto Timing

As already stated, engines of the four-stroke-cycle type require
four strokes of the piston or two revolutions of the crank shaft
to complete the cycle. In Fig. 987 an attempt is made to show
these two revolutions, and to illustrate what occurs in each
portion of the cycle. The crank is supposed to be rotating anti-
clock wise and the piston moving vertically. Consider the
piston at the top of its stroke and about to start downward.
After the crank has moved through an angle of approximately
10°, the inlet valve must open. The suction stroke of the engine
now begins, and the inlet valve should close between 20° and 30°
after the crank passes the lower dead-center point. This necessi-
tates the inlet valve remaining open through an angle of between
180° and 200°. The crank now moves upward, compressing
gas in the top of the cylinder as both inlet and exhaust valves
are closed. Somewhere between 5° and 10° before the crank
reaches the upper dead-center point, the gas is ignited and com-
bustion begins. Within an angle of from 5° to 10° the combus-
tion should be completed. It is important that the full energy
of the exploding gas shall be exerted upon the piston head just
as the crank passes the upper dead-center position and as the
piston starts downward on the explosion stroke. During this
stroke the gas expands. Somewhere between 30° and 40°
before the crank reaches the lower dead center-point, the ex-
haust valve should open, thus permitting the gas to be forced
out of the cylinder on the return stroke. This valve should
close a few degrees after the crank has passed the upper dead-
center point. Another cycle is then started.

When an engine is being cranked it is necessary that the igni-
tion point should be delayed until the piston passes the upper
dead center. This is to avoid an early explosion, forcing the

+ crank backward. To delay the firing, the spark must be re-
tarded. When the engine gets under way, the spark should be
advanced until it takes place at the proper time, as indicated in
Fig. 987. Complete combustion of the full charge does not
occur instantaneously but requires a considerable fraction of a
second for its completion. At high speed the piston may move
a considerable distance during this interval. This is the reason
that the spark must be produced a few degrees in the cycle before
the crank reaches the upper dead-center point, in order to allow

-
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time for the mixture to burn and the full pressure to develop
before the working stroke begins. The faster the engine runs
the more the spark should be advanced, while the slower it runs
the more the spark should be retarded. This is the reason that
the time of firing must be controlled either by a lever operated
by the driver or by some mechanism which provides for an auto-
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F1G. 988.—Relative position of make-and-break high-tension distributor
and circuits at the moment of firing charge in engine.
matic adjustment of the spark. The adjustment of the spark
to the proper point is called ‘“‘timing.”

In Fig. 988 a view is given of cvlinder No. 1 in an automobile
engine, with the crank in the proper position for the explosion
stroke. The charge is compressed in the top of the cylinder
and the crank is about to descend.  The inlet and exhaust valves
are both closed. The flexible coupling connecting the magneto to
the driving shaft should be loosened, and the armature of the mag-
neto should be rotated in its proper direction until the brush in
the distributor is in contact with segment No. 1, which in turm
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should lead to the spark plug in No. 1 cylinder. The spark lever
should now be placed in the fully retarded position and the arma-
ture shaft rotated until the cam is just about to separate the
contact points in the breaker housing. This is as shown in cut.
The crank at this time should be exactly on dead center. With
the magneto positively held in this position the coupling should
then be tightened. The other spark plugs should then be wired
to the distributor in the order in which the engine is designed to
fire. When the spark lever is placed in its fully retarded position,
the magneto will fire the charge sufficiently late to make hand
cranking safe, and from this point the spark may be advanced as
the speed of the engine requires. ’

SECTION XVIII CHAPTER 111
AUTOMOBILE ENGINE IGNITION, STARTING, AND LIGHTING
MAGNETOS

1. Explain the general principle of the magneto employed for ignition
purposes.
. Explain the actual construction of a low-tension magneto.
. Explain the construction of a semi-high tension magneto.
. Explain the construction of a straight high tension magneto.
. Explain the construction of the inductor type magneto.
May magnetos be belt-driven or must they be positively geared? Why?
. Give sketch of current wave produced by a magneto and show
through just what range the current is of sufficient magnitude for igni-
tion purposes.

8. Explain the construction of the Ford magneto.

9. Explain the construction of the Bosch high tension magneto.

10. Give sketch of wiring for a Bosch high tension magneto for a
four-cycle engine, including all interior and exterior circuits.

11. In order to stop the engine, how is the ignition circuit rendered
inoperative when supplied by a high tension magneto.

12. Explain the general plan of the Bosch dual ignition system.

13. Explain the construction of the Remy low tension inductor type
magneto. ’

14. Explain the principle of operation and construction of the Dixie
high tension magneto. What are its advantages?

15. Explain in detail the method of adjusting the timing of a magneto.
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SECTION XVIII CHAPTER 1V

AUTOMOBILE ENGINE IGNITION, STARTING
AND LIGHTING

Starting and Lighting Systems

During the development of the gasoline automobile many
different devices have been designed and put on the market for
cranking the engine until it was able to operate under its own
power. Among the more successful of these were the mechan-
ical starter which was operated by the driver from the seat; air
starters, which admitted compressed air from a storage tank to
the engine cylinders; acetylene starters, by means of which the
driver could inject a small quantity of acetylene gas into the
cylinders for starting on the spark; and electric starters, which
crank the engine by a small electric motor, deriving power from
a storage battery carried on the car.

The electric starter has practically replaced all other types of
starters and is now furnished as standard equipment on practi-
cally all passenger cars and on many trucks. The essential parts
of a typical electric starting and lighting system are ‘a small
D. C. motor for cranking the engine; a storage battery to supply
current to the lights when the generator is not being operated
and current to the starting motor for cranking the engine, and
a D. C. generator for charging the storage battery.

Electric starting and lighting systems may be divided into two
general classes according to the number of individual units used
to perform the starting and generating functions. In the single-
unit system the starting motor and generator are combined into
one unit known as a motor-generator. It draws current from
the storage battery for cranking the engine, and after the engine
begins to fire and operate under its own power with increasing
speed, the motor-generator automatically becomes a generator
and sends current back into the battery.

In the two-unit system the starting motor and generator are
built as separate units. The generator is permanently geared to
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the engine and driven continuously by it. The starting motor
is normally disconnected from the engine through the driving
mechanism and operates only when the starting switch is closed
and the starting gears brought into mesh.

Another type of starting and lighting system, which is a com-
promise between the single-unit system and the two-unit system,
is the Delco motor-generator system. This machine is provided
with two separate sets of armature and field windings, with
individual commutators similar to the two-unit system, but
employs a single field structure and armature core and therefore
has a magnetic circuit similar to the single-unit system. This
system has been brought to a very high degree of mechanical
perfection and is used on many high-grade cars.

Fig. 988-A illustrates a typical installation of a two-unit starting
and lighting system, showing the proper relation of the different
units to each other. This is a single-wire or ground-return sys-
tem and employs the framework of the car to carry the return
current from the starting motor, generator, lights, ignition, and
horn back to the negative side of the battery. The single-wire
system is now almost universally used in preference to the two-
wire system as it greatly simplifies the wiring of the car, although
it has the disadvantage that a single ground on the insulated side
of the system has the same effect as a short-circuit on a two-
wire system and renders the grounded unit inoperative.

The voltage used on the older systems varied from 6 to 24
volts; but at the present time 6 volts are used almost universally
for starting, lighting and ignition purposes. The higher-voltage
systems have the advantage that smaller currents are handled
and therefore smaller wiring could be used and still not have an
excessive drop between the battery and starting motor. The
lower-voltage systems have the advantage that a smaller and
less expensive battery may be used, but also have the disadvan-
tage that larger currents must be handled, requiring larger
cables between the battery and the starting motor.

It is also very important in the lower-voltage systems that the
resistance of the starting circuit and its connections shall be kept
as low as possible. Corrosion at the battery terminals may in-
crease the resistance at that point to such an extent that the
starting system may fail to work at all. When the starting
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switch is closed the initial rush of current on a 6-volt system may
be as much as 250 amperes. Should a resistance of only 0.01
ohm be encountered in the circuit, 250 amperes passing through
it would involve a loss of 2.5 volts, and this would leave only 3.5
volts to be applied to the motor. It is therefore obvious that if
the energy of the battery is to be realized in the starting motor,
the resistance of the starting circuit must be maintained as low
as possible.

A few systems still operate with a 12-volt battery, and in some
cases it is arranged so as to be divided into two groups and con-

- Fi1c. 988-B.—Storage of water in reservoir corresponding to the storage of
electrical energy in a battery.

nected in parallel while being charged, using the higher voltage
for starting purposes only.

The principle of operation of the different units of the starting
and lighting system may be compared to the operation of an
automatic water system as shown in Fig. 988-B. The pump is
driven by a motor the speed of which may be controlled by an
adjustable resistance, which is itself controlled by a float in the
main tank or reservoir. The pump is connected through a main
to the reservoir which is placed at such a height as to give the
desired pressure, and also connects directly to the various outlets
so that water may pass directly from a pump to the outlets
without first passing through the reservoir. A check valve is



330 Theoretical and Practical Electrical Engineering

placed in the main line between the pump and reservoir for the
purpose of preventing water from the reservoir flowing back
through the pump when the pressure from the reservoir exceeds
that of the pump or in case the pump should be stopped. If the
amount of water being used at the outlets is in excess of that
supplied by the pump, the difference will be supplied by the
reservoir. This will cause the level of the reservoir to fall, and
the float mechanism will move the rheostat in such a way that
the motor will speed up and drive the pump faster and increase
the supply of water furnished by the pump. If the demand for
water at the outlets should decrease below that furnished by the
pump, the excess will be forced into the reservoir, and as the
level rises the float mechanism will cause the motor to run slower
and reduce the output of the pump. In this way the output of
the pump is regulated in such a manner as to maintain the reser-
voir at a constant level regardless of the variable demand for
water at the outlets.

The pump in the water system corresponds to the generator
in the starting and lighting system which is driven by the engine,
the reservoir to the storage battery, the float mechanism to the
regulating relay for controlling the output of the generator, and
the check valve to the reverse current cutout of the starting and
lighting system.

The water meter registers the amount of water flowing into or
out of the reservoir and corresponds to the ammeter or current
indicator on the electric system which shows the amount of
current flowing into or out of the storage battery. If the gen-
erator had an output of 10 amperes and the lamps required 5
amperes, then the ammeter would show 5 amperes flowing into
the battery; but if additional lamps were turned on until the
demand for current reached 10 amperes, then the ammeter
would register 0, showing that no current was flowing into or out
of the storage battery.

If, now, still more electrical devices are turned on and the
total demand for current increased to 15 amperes, then the bat-
tery would have to supply the difference of 5 amperes, and the
ammeter would show discharge of 5 amperes being drawn from
the battery. In all two-unit systems and most of the single-unit
systems the current for the starting motor does not pass through
the ammeter, as the current supplied by the battery for cranking

X
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purposes is very large and far beyond the range of the instru-
ment. The ammeter used does not usually have a range of
more than 20 or 30 amperes and would be burned up by the
heavy current. Under normal conditions the generator output
should be so regulated that, with all the lights turned on, the
ammeter should show a charging current of 2 to 5 amperes
passing into the battery which is to compensate for the current
drawn from the battery for cranking purposes.

If now a by-pass valve is shunted around the check valve in
Fig. 988-B, the analogy of the water system will apply equally
well to the single-unit system. The by-pass valve corresponds
to the starting switch and, when opened, allows the water to
flow from the reservoir around the check valve and operate the
pump as a water motor, corresponding to the action of the motor-
generator. With this arrangement the starting current will pass
through the ammeter, and since the range of this instrument is
not sufficiently high to handle this large starting current it is
either omitted from the system or replaced by a current indicator
capable of carrying a large current. The current indicator does
not indicate the number of amperes passing, but simply indi-
cates whether the battery is charging, discharging, or floating
across the line.

Generator and Starting-Motor Drives

The position in which the generator is mounted on the engine
and the manner in which it is driven depend very largely on the
type of engine on which it is to be used, and it therefore repre-
sents an individual problem for each different make of car. The
generator is commonly driven at a speed of from one to one and
one-half times crankshaft speed from the timing gears either
by a pinion on the armature which meshes directly with the
timing gears or by a silent chain running in oil. In some cases
the drive is made by an extenston of the pump shaft, in which
case a flexible coupling is usually interposed between the gener-
ator and pump shaft to insure proper alignment of the bearings.

The starting motor, in most cases, is mounted so as to drive
to the fly-wheel of the engine either through gears or by a silent
chain. There are three different ways in which the motor may
be connected to the fly-wheel for cranking the engine.
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1. The sliding-pinion type as shown in Fig. 988-C, in which a
pinion or intermediate gear G-H, is shifted by the operator as
the starting switch is closed.

2. The magnetic type shown in Fig. 988-D, in which the
armature A and pinion P are shifted against the tension of a

F1G. 988-D.—Bosch magnetic gear-shift for engaging armature of starting
motor with fly-wheel. Upper view shows pinion disengaged, lower view
shows pinion in mesh.
coiled spring by the magnetic pull between the armature itself
and the field thus pulling the gears into mesh.

3. The Bendix drive, as shown in Fig. 988-E, which auto-
matically meshes the gears without any skill being required on
the part of the operator.

On the systems employing the single-gcar reductions, as in
Figs. 988-D and 988-E, the pinion on the armature shaft meshes
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directly with the gear teeth on the flywheel, and the reduction
obtained between the motor armature and the fly-wheel is
about 10 or 12 to 1. In some cases where the double-reduction
gear is used, as in Fig. 988-C the gear reduction may be as high

as 40 to 1.
With the double-gear reduction the pinion on the armature

shaft meshes with an intermediate gear, which in turn drives
the pinion which meshes with the teeth on the fly-wheel. With
the double-reduction drive a much smaller motor may be used,

Fi1i. 988-L.

running at a much higher speed; but it has the disadvantage
of having a more complicated driving mechanism.

Owing to the high gear ratio between the starting motor and
fly-wheel, some provision must be made to prevent the fly-wheel
from driving the starting motor at a dangerously high speed
when the engine starts operating under its own power at an
increasing speed.  For example, assume this gear ratio to be 30
to 1 and that the throttle is half open when the engine is being
cranked. As soon as the explosions begin to take place the
engine will very soon speed up to about 500 r.p.m. Before the
engine is started, however, the motor will be running near its
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safe maximum rate of about 3,000 r.p.m. An electric motor of
this type will operate safely at speeds as high as 5,000 r.p.m.,
but speeds in excess of this are liable to damage it. Under these
conditions the motor would be running at a speed in excess of
7,000 r.p.m. A number of different devices have been used for
disengaging the starting motor from the fly-wheel, but at the
present time the over-running roller clutch is the most widely
used. In starters employing the intermediate reduction gear
this clutch is incorporated in the intermediate gear itself, Fig.
988-C. Fig. 988-F shows the internal construction of the clutch
incorporatedwithin the intermediate gear. It consists of an oiiter

FiG. 988-F.—Overrunning clutch employed by

Delco, Gray & Davis, and other companies.
driving member and an inner driven member connected by a
number of rollers. The use of a clutch of this type allows power
to be transmitted by a train of gears in one direction only, and
thus prevents the engine from driving the starting motor at an
excessive speed.

On starters using the magnetic or Bendix drive the driving
pinion is automatically thrown out of mesh when the engine
speeds up under its own power.

The construction of the Bendix drive which is almost univer-
sally used on starting motors of the two-unit type is very clearly
shown in Fig. 989. This is of the ‘“in-board” type, that is, the
pinion progresses toward the motor as it engages the gear wheel.
No bearing for the shaft is required at the outer end. A triple-
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threaded sleeve P, is mounted on an extension of the armature
shaft, having stops at each end to limit the travel of the pinion,
G, which, having internal threads corresponding to those on the
sleeve, is mounted on the sleeve so as to be free to turn and
move along the sleeve, thus shifting the position of the pinion for
engaging with and disengaging from the teeth on the fly-wheel.

FiG. 989.—*Inboard” type of Eclipse-Bendix drive.

the motor along the shaft to engage the gear and must always
have an out-board leaving at the end of the shaft to support it.
The pinion normally remains stationary on the sleeve and out of
mesh with the fly-wheel; but as soon as the starting switch is
closed, the motor immediately begins to rotate at a very high
speed due to the full voltage being impressed upon it with no
load to prevent its rapid acceleration. The pinion is weighted
on one side and therefore does not begin to turn immediately
with the slecve; but, having internal threads, will run forward
on the revolving sleeve until it meets or meshes with the fly-
wheel gear. In case the teeth of the gears meet, the spring will
allow the pinion to revolve until it is in proper position to mesh

-
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with the fly-wheel gear. After the pinion meshes, the spring is
compressed and the engine is turned over by the motor-driven
pinion, it being driven through the spring. The spring acts as a
cushion and breaks the severity of the shock on the gear teeth
when they are meshed, or in case of backfire. After the engine
begins firing, the fly-wheel drives the pinion at a higher rate of
speed than the armature, thus causing the pinion to be turned
in the opposite direction on the sleeve and to automatically
disengage from the fly-wheel, and thus prevent the engine from
driving the starting motor at an excessive speed even though the
starting switch is not released immediately. After the pinion
has been automatically disengaged from the fly-wheel, the cen-
trifugal effect of the pinion holds it at the end of its travel on the
sleeve remote from the fly-wheel until the switch is opened and
the motor comes to rest. :

Among the advantages of the Bendix drive are:

1. Its simplicity of construction and operation.

2. It gives a high cranking speed due to the fact that the start-
ing motor attains practically full speed before the gears are
meshed and the load. applied. With the higher cranking speed
thus obtained the engine will tend to begin firing sooner, thus
lessening the drain on the battery and the time during which
the starting motor must be in operation.

3. The engine is given a higher break-away cranking torque,
which is very desirable in cold weather when the engine is very
“‘stiff”’ due to the thickening of the oil, and the available capacity
of the battery very much reduced due to the drop in temperature.

4. The entire mechanism is automatic in its operation and
requires no skill on the part of the operator.

In single-unit systems such as the Northeast and Dyneto, the
motor-generator is usually driven by a silent chain from the
crank-shaft at two and one-half to three times engine speed.

In the Delco motor-generator the armature is driven inde-
pendently as a motor and as a generator. When operating as a
generator the armature is driven from the timing gears through
an overrunning clutch at about one and one-half times crank-
shaft speed, Fig. 988-C, but when operating as a motor a pinion
on the rear end of the armature meshes with an intermediate
gear which in turn meshes with the fly-wheel, thus obtaining a
gear ratio of about 20 to 1 for cranking purposes. This change in
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the gear ratio is made possible by the use of the overrunning
clutch in the generator drive end. Another similar clutch is
provided in one of the intermediate gears of the motor drive to
prevent the fly-wheel from driving the armature at excessive
speed when the engine begins firing.

The Reverse Current Cut-out

The reverse current cut-out, or relay, is an electro-magnetic
switch connected in the charging circuit between the generator
and the battery. It is evident that, if the storage battery were
at all times in direct connection with the generator, it would im-
mediately discharge through the generator windings as soon as
the driving speed of the generator fell below the point where

sufficient voltage was generated to
4|||||7 s+ overcome the counter voltage of the
! battery. The function of the re-

verse current cut-out is to automati-
% cally connect the generator to the
battery when its voltage exceeds

that of the battery and to auto-
matically_ disconnect the generator
from the battery when its voltage
falls below that of the battery, and
thus prevent the battery from dis-
charging back through the generator
when it is running at a very low
speed or has been stopped. The
action of the cut-out is very similar
to that of the check valve placed
d.F“"- 990.—Simple  wiring  hotween the pump and reservoir in
iagram for two-unit system X

showing battery, charging Fig. 988-B.
generator, automatic cutout In Fig. 990 is shown a circuit
and starting motor. . .

diagram of a typical cut-out con-
nected to a third brush generator on a two-unit, 6-volt sys-
tem. The cut-out consists of a soft iron core over which are
placed two separate windings, one a potential winding B, con-
sisting of a large number of turns of fine wire connected in shunt
with the generator, and the other A, a current winding, made
up of a relatively few turns of large wire and connected in series
between the generator and a set of contacts which are closed by
the magnetic attraction produced by the shunt winding on the




Automobile Engine Ignition, Starting and Lighting 339

core. The contacts are normally held apart by a spring and are
closed only when the core produces sufficient magnetic pull to
overcome the tension of the spring. The tension of the spring
should be adjusted so that the contacts will close when the
terminal voltage of the generator reaches 6.5 to 7 volts on a 6-
volt system, or 13 or 14 volts on a 12-volt system. With the
gear ratio most generally used, these voltages are attained at a
car speed of 8 to 10 miles per hour, and the generator begins to
charge the battery at that speed. The last end of the potential
coil is grounded and is therefore connected across the terminals of
the generator, and when the generator reaches a speed at which it
generates about 7 volts the core is sufficiently magnetized by the
current flowing through the potential winding to overcome the
spring tension and close the cut-out contacts. This completes the
circuit between the generator and battery, and current now flows
from the positive terminal of the generator, through the series
coil of the cut-out and contacts of the cut-out to the positive side
of the battery, and after passing through the battery returns to
the negative side of the generator. From the diagram it will be
seen that the current flows around the core through the series
winding in the same direction as the current flowing through the
voltage winding and produces a magnetic effect in the core in the
same direction as that produced by the voltage winding. This
holds the contacts very firmly together, notwithstanding the
severe vibration to- which they are sometimes subjected.

If the speed of the generator decreases so that its voltage falls
below 6 volts, which is approximately the voltage of the battery,
then a momentary discharge current will flow from the battery
through the current winding of the cut-out and through the
generator. Since the direction of this current passing through
the series winding is opposite to that passing through the poten-
tial winding, the core will be demagnetized and the contacts
opened by the tension of the spring, thus preventing the battery
from discharging through the generator windings. The cut-out
should be adjusted so that the contacts will open with a dis-
charge current of one ampere or less flowing, preferably as near
zero as possible so as to reduce the arcing at the contacts when
they are opened-

The ammeter is usually connected as shown in order that it
may indicate the amount and direction of current flowing in
either direction between the generator and battery. The car
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speed at which the cut-out contacts open should be 2 or 3 miles
below the speed at which they close, in order to prevent the con-
tinuous opening and closing of the contacts in case the car should
be driven at the critical speed at which the contacts operate.
The car speed at which the contacts open and close may be
determined by slowly increasing and decreasing the car speed
and taking the speedometer reading at the instant that the am-
meter shows a charging current, and again when it returns to
zero. In case the lamps have been turned on they will increase
in brilliancy at the instant that the cut-out closes, due to the
voltage on the lamps being increased to 7 or 7.5 volts instead
of 6 volts as when the cut-out opens and disconnects the gen-
erator from the battery and lamp circuit.

Regulation of Charging Generators

~ The generators used with starting and lighting systems are of
the shunt-wound type, this arrangement being particularly
adapted to the work required, while the series winding is espe-
cially adapted for use in the starting motor. Owing to the fact
that the shunt generator has the characteristic of increasing its
voltage and current output as the speed increases, some auxiliary
means must be employed for protecting the generator windings
against overload, and the battery against overcharge. This is
done by controlling the strength of the field current, which
in turn controls the strength of the field magnetism, and the
voltage generated.

The strength of the ficld magnetism may be regulated and con-
trolled in three different ways:

1. By the usc of a differential or reverse series field winding in
which the series winding opposes the shunt winding.

2. A vibrating relay or regulator which cuts resistance in and
out of the field circuit in such a way as to maintain a constant
voltage or a constant current.

3. The third brush principle of regulation, which depends upon
the reactions that take place in the armature and the resulting
distortion of the magnetic field passing through the armature
as the generator increases in speed.

Bucking Series Generator.—The reverse-series or bucking-
series method of regulating the current output of the generator
is perhaps the simplest method in use, as it makes the machine
inherently self-regulating with no moving parts and requires no
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adjustments due to wear and long usage. A typical example of
this method of control is found in the Auto-Lite two-pole gen- |
erator shown in Fig. 991. This is a differentially compound-
wound machine, using the long-shunt field connection. As the
voltage of the generator builds up, current flows through the
shunt field winding Sh and establishes a magnetic flux across the
armature. Current also flows from the positive generator brush
through the potential winding, V, of the cut-out and back to the
negative brush through the ground. Both of these circuits lead
through the reverse-series field winding Se in the direction shown
by the arrows. When the speed and voltage of the generator
increase to the point where the cut-out contacts are closed, a
small charging current will flow from the positive brush of the

F16. 991.—Wiring diagram for Auto-Lite, bucking-series, charging generator,
reverse-current relay and storage battery.

generator, through the reversed-series field winding, through the
cut-out contacts R and current coil C, through the ammeter A,
and to the positive terminal of the battery. After passing
through the battery it returns through the frame of the car to the
negative brush of the generator. By inspection of the diagram
it will be seen that this current flows through the reverse-series
field winding in a direction opposite to that in which the current
flows through the shunt-field winding, thereby producing a demag-
netizing effect upon the field flux as the generator speed and cur-
rent output increase. This results in a weakening of the field
magnetlsm as the generator speed increases, so that after the
maximum charging current of 10 or 12 amperes is reached the cur-
rent output of the generator will never exceed this amount no
matter how much the speed of the generator may be increased.
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Since the current regulation of this type of generator depends
upon the charging current flowing through the reverse-series
field winding, it is highly important that the charging circuit
should never be open circuited at any point, and precaution must
be taken to see that the cut-out contacts are maintained in good
shape and close properly; that the battery terminals are free
from corrosion, and that all connections are maintained mechan-
ically and electrically in good condition. If for any reason an
open circuit should occur in the charging line, the regulation of
the generator would be destroyed, and the voltage would build
up to an excessive value and probably cause serious damage to
the armature and field windings, as well as to the windings of the
cut-out. The lights will also be burned out if they should be
turned on while the car is being operated at a speed in excess of
18 or 20 miles per hour.

If it becomes necessary to operate a car using the reverse-series
field method of generator regulation with the storage battery or
any other part of the charging circuit removed, or otherwise open
circuited, it is absolutely necessary to take the precaution of
short-circuiting the generator terminals in order that a current
may still flow through the reverse-series field winding and pre-
vent the generator from building up an excessive voltage which
would be dangerous to its windings.

It is not practical to change the charging rate of this type of
generator, as it would be necessary to alter the number of turns
in the reverse-series field coil. Increasing the number of turns
in this winding would decrease the charging rate, while decreas-
ing the number of turns in this winding would have the effect of
increasing the charging rate. With this type of machine, as with
other types of constant current regulating devices, the charging
current remains the same under all conditions of charge of the
battery; i.e., the battery will receive the same charging current
when fully charged as when only partially charged, thus tending
to overcharge and overheat the battery when the car is driven
on long tours. This is sometimes compensated for by turning
on the lamps for sufficient periods to prevent the battery from
being overcharged. )

Current Regulation by Means of Vibrating Regulator.—In Fig.
992 is shown a circuit diagram of a typical system employing
a vibrating regulator or relay for maintaining a constant current
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output of the generator, which is of the ordinary shunt-wound
type. The regulating relay consists of a soft iron core J, around
which is placed a single winding of heavy wire V, similar to the
current coil on the cut-out; a set of contacts P, normally held
closed by a spring N, and a small resistance unit R connected
across the contacts. The winding of the relay is connected in
series with the charging circuit so that all current passing through
the battery must also pass through this winding.

The regulator controls the current output of the generator
under varying conditions of speed, by cutting the resistance
unit in and out of the shunt field circuit as the contacts open and
close under the varying magnetic pull produced by the core.
Referring to Fig. 992, the operation of the regulator is as

Fi1G6. 992.—Electrical circuits through vibrating regulator designed to
maintain a constant current at all times from the generator.

follows: The generator builds up as a simple shunt-wound
machine; the path of the field current is from the positive brush
of the generator, through the contacts of the regulating relay,
through the field winding, and back to the negative brush of the
generator. As the speed and generated voltage of the generator
increase, the cut-out contacts S will close, and the charging
current will flow through the winding of the regulating relay.
As the speed increases the charging current will increase until it
reaches the maximum value for which the regulator has been
adjusted, which is about 12 or 15 amperes; the core of the relay
will now be magnetized sufficiently to attract the armature
carrying the movable contact, and the contacts will open against
the tension of the spring N, inserting the resistance unit R in
the shunt-field circuit, causing the field current to be lessened.

A
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This weakens the strength of the magnetic field and reduces the
generated voltage, which in turn causes the charging current to
decrease. When the charging current has reduced 0.5 to 1.5 am-
peres below the point at which the contacts open, the magnetic
effect produced by it in the core is not sufficient to hold the con-
tacts open against the tension of the spring, and they will close,
short-circuiting the resistance unit, thus restoring the full field
strength and causing the charging current to again increase.
Under actual operating conditions the contacts open and close
very rapidly; thus the charging current is continually changing,
but within a very small range of perhaps a fraction of an ampere,
thus preventing the charging current from ever exceeding the
maximum rate for which the relay is adjusted, no matter how
high the speed of the car may be.

The maximum charging rate of a system employing current
regulation by a vibrating relay may be increased by increasing
the tension of the spring on the relay contacts, or decreased by
decreasing the tension of the spring. In case the charging rate is
increased, care must be taken to see that the generator windings
are not being overloaded.

As in the bucking-series method of regulation, it is highly
important that an open circuit should never occur in the charg-
ing line, as the regulation of the system would thereby be de-
stroyed and serious damage to the windings of the generator and
relay regulator would result. Should it become necessary to
operate a car equipped with a regulator of this type, with the
storage battery or any other part of the charging circuit removed,
the precaution must first be taken to open-circuit the field wind-
ing of the generator, thereby preventing it from building up; or
to short-circuit the wires leading to the battery, thus preventing
the current from ever exceeding the maximum value for which
the regulating relay has been adjusted.

This method of current regulation is being used on some cars
equipped with Remy starting and lighting systems.

Voltage Regulation by Means of Vibrating Regulator.—In Fig.
993 is shown a tvpical starting and lighting system employing
a vibrating type of regulator for maintaining the voltage of the
generator at a constant value. The construction of the regulator
is very similar to that used to obtain constant current regulation,
with the exception that the current winding of heavy wire is
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replaced with a potential coil, V, consisting of a large number of
turns of fine wire similar to the one used for the potential winding
on the reverse current cut-out. This potential winding is con-
nected across the brushes of the generator in parallel with the
battery instead of in series with it as in the constant current
regulator. The current which flows through this potential coil
and the amount of magnetic pull produced by the core on the
contacts depend upon the voltage developed by the generator.
As the generator speeds up to the point where the voltage exceeds
the value for which the regulator has been adjusted, which is
7.75 volts on a 6-volt system, a larger current will be forced
through the potential winding of the relay by the ingcreased
voltage, causing the magnetic pull of the core to increase to such
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F1G. 993.—Electrical circuits through vibrating regulator desxgned to
maintain a constant-voltage output from the generator.

an extent that the spring tension will be overcome and the
contacts opened, thereby inserting the resistance unjt in the
shunt-field circuit. This added resistance reduces the shunt-
field current and lowers the generated voltage. As soon as the
terminal voltage falls slightly below 7.75 volts, the current in the
potential coil decreases to a value where it does not produce
sufficient magnetic pull to hold the contacts open against
the tension of the spring, and they will therefore close,
short-circuiting the resistance unit, thus restoring the field cur-
rent to its full value, and the voltage of the generator begins to
rise. This cycle of operations is repeated very rapidly, and the
contacts open and close with such rapidity that the voltage is
held practically constant at 7.75 volts at all speeds above the
critical speed at which this voltage is generated with the resist-
ance unit cutout of circuit.
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With generators employing constant voltage regulation the
amount of current delivered by the generator depends upon the
condition of charge of the storage battery and the amount of
current being used for lamps or other devices, while the voltage
remains practically constant at all loads after the speed has
reached the point where the critical pressure of 7.75 volts is
generated.

The voltage of a storage battery depends upon the condition
of its charge, being higher for a fully charged battery than for a
partially or completely discharged one, and since the voltage
available for sending current through the battery is the difference
between the voltage of the generator and that of the battery, it
will be seen that the charging current that passes through the
battery will vary with the condition of its charge, being a maxi-
mum when the battery is in a discharged condition. As ‘the
charge proceeds the voltage of the battery rises, so that the
difference between the voltage of the generator and the voltage
of the battery decreases until at the completion of the charge
this difference is very slight, and only a very small charging
current will flow. The charging current, which is variable and
independent of the speed, varies from 15 to 20 amperes with a
discharged battery to about 5 amperes for a fully charged battery.
The tapered charge thus given the battery is the ideal one, charg-
ing it in the minimum possible time and without the danger
of overcharging after the normal charge has been completed, as
is often the case with the constant-current system of regulation.

The voltage maintained by the generator, and consequently the
charging current passing through the battery, may be increased
on this type of system by increasing the tension of the spring on
the relay; but if the voltage is raised above 7.75 volts an excessive
charging current will result, which may overload the generator
and overcharge the battery. The life of the lamps will also be
shortened if the voltage is maintained above this value.

Since the regulation of this type of system does not depend
upon the charging current itself, the car may be operated at
speeds below 30 M. P. H. without the storage battery being in
the charging circuit, with no danger of damaging the generator
windings or burning out the lamps, as the voltage will still be
maintained at the same constant value.

Third-Brush Regulation.—The third-brush principle of reg-
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ulating the current output of the generator depends for its opera-
tion entirely upon the reactions which exist in the armature when
its windings are carrying current. Fig. 994 shows the circuit
diagram of a typical generator employing the third-brush prin-
ciple of current reguldtion. A and B are the main generator
brushes connected to the charging circuit, and C is the auxiliary
or third brush which connects to one end of the shunt-field wind-
ing. The other end of the field winding is connected to brush
B, so that the generator is primarily a shunt machine. The
auxiliary brush is positive with respect to brush B, and there-

F16. 994.—* Third-trush’’ generator with no
load and undistorted field.

fore current flows from C through the shunt-field winding and

into brush B. :
When the generator is running at a low speed and little or no

current is flowing through the armature winding, the magnetic
flux produced by the field will be practically straight through the
armature from pole to pole as shown, and the voltage generated
by each armature coil within this field is practically uniform.
On a generator of the 6-volt type, in which the terminal voltage
is approximately 7.75 volts, the third brush is placed in such a
position on the commutator that about 5 volts will be impressed
on the shunt field, forcing a current of about 1.25 amperes
through the field winding.
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As the speed of the generator increases, the voltage and the
current flowing through the armature winding will be increased.
This increased armature current tends to produce a cross mag-
neting field in a direction at right angles to the main field which
distorts the magnetic field produced by the shunt-field winding, so
that instead of the flux being equally distributed over the pole
faces and passing straight through the armature as in Fig. 994,
it is now distorted as shown in Fig. 995. The field flux now
becomes much denser at the trailing pole tips D and E and less
dense at the leading pole tips F and G, and the armature coils no
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F16. 995.—"Third-brush’ generator carry-
ing normal load showing distortion of magnetic
field.
longer generate a uniform voltage. Although the total voltage
generated remains ncarly the same, the greater part of the volt-
age will now be generated by the coils connected to the commu-
tator between the brushes C and A, since these coils are cutting
through a much denser magnetic ficld than those connected to
the commutator between the brushes C and B; therefore the
voltage generated between the brushes C and B will decrease as
the speed increases. Since the voltage applied to the shunt-field
winding is the same as that between the brushes C and B, less
current will be forced through the field winding and the total
amount of ‘field magnetism will be reduced. This will have the
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effect of lowering the generated voltage and the charging current
flowing through the armature. The reaction produced by this
current will thus be lessened and the field flux will tend to return
to its original value; but any increase in the field magnetism will
be accompanied by an increase in the charging current flowing
through the armature, which will again react upon the field, dis-
torting it, thus automatically regulating the charging current as
the speed varies.

One of the advantages of the third-brush method of regulation
is that the charging current will gradually increase with the
speed until the maximum value for which the generator has been
adjusted has been reached, which occurs at a car speed of about
25 miles per hour; above this speed, the charging current will
begin to decrease, until at 40 or 45 miles per hour the charging
rate has decreased to one-half of its maximum value. This is
due to the fact that at high speeds a given armature current will
produce a greater distortion of the field than at a lower speed,
because the field flux will be weaker in proportion to the arma-
ture current. This is an advantage, as the maximum charging
current will be obtained at normal driving speeds, while for
long drives at a higher speed, when the starter and lights are
used comparatively little, the decreased charging rate tends to
prevent overheating of the generator and overcharging of the
battery.

Another advantage of the third-brush system of regulation is
the ease with which the charging rate may be adjusted to suit the
conditions under which the system is operating. The charging
current may be varied by changing the position of the third
brush on the commutator, and most manufacturers make pro-
vision for doing this by mounting the brush on a sliding or ad-
justable brush holder. Referring to Fig. 994, it will be seen
that shifting the position of this brush in the direction in which
the armature rotates will have the effect of raising the voltage
applied to the shunt-field winding and therefore increasing the
generated voltage and charging current, while moving it in the
opposite direction will have the effect of decreasing the charging
current. If the position of the brush is changed, care should be
taken to properly reseat it on the commutator, thus insuring a
low contact resistance. .

As In the methods previously described for obtaining current
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regulation, it is of the utmost importance that all connections at
the battery terminals and elsewhere in the charging circuit should
be frequently inspected to make sure they are tight and in good
condition, as an open circuit in the charging circuit will be almost
sure to burn out the armature winding of the generator, due to
the excessive rise in voltage and current.

In case a car equipped with the third-brush system of current
control is to be operated with the battery or other part of the
charging circuit removed, the precaution must first be taken to
open the shunt-field circuit or short-circuit the terminals of
the generator to prevent it from building up.

The Remy Two-Unit System with Third-Brush Regula-
tion and Thermostatic Control

The Remy starting and lighting system shown in Fig. 997 is
used on the Oakland, Model 34, and other cars, and represents the
generating portion of a typical two-unit system of the single-wire
ground return type. The generator is a 6-volt, two-pole machine
in which the current is regulated by the third-brush method, sup-
plemented by the Remy thermostatic control. Fig. 996 shows
the construction of the thermostat, which is mounted inside of the
generator housing just over the commutator. It consists of a
starE_ped steel bracket carrying a resistance unit connected to a
theroxfl blade, carrying one of two silver contacts at its free end.
The thermo blade consists of a strip of nickel steel, welded to a
strip of spring brass. When heated, the brass strip expands at a
faster rate than the strip of nickel steel and causes the free end of
the blade to warp asshown. The stationary contact is adjustable,
but, after once being adjusted at the factory, is fastened in place
by being soldered and will probably never require further atten-
tion. At temperatures below 175° F. the spring tension of the
blade holds the contacts firmly together, thus short-circuiting the
resistance unit which is connected across them; but at tem-
peratures above 175° the heat causes the metals of the blade
to expand unequally, and as a result it bends in such a way as to
separate the contacts, thus inserting the resistance unit R in
series with the shunt field and reducing the field current, which in
turn has the effect of decreasing the charging current (see Fig.
997). Under actual operating conditions the generator will
charge the battery at the normally high charging rate until the



Automobiie Engine I gnition, Starting and Lighting 351

F16. 996.—Detailed construction of thermostat for field control of Remy
generator.
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generator and battery begin to heat up. . :
perature has been reached the thermost:t cozlvtlztittls?'iil %:Ven tem-
and the added resistance thus inserted in the field e ol?enefi.
cause the charging current to drop to about tw h?rr cuit “tlu
original value. o-thirds of its
The advantage of the thermostat control is that it gi
higher charging rate in winter, when the efficiency of the ﬁﬁzri

FiG. 997.—Wiring diagram for electrical circuits of model 234-
generator with thermostatic control, shown at T and reverse cur‘}-:xé c.-:]ﬁ'i:;.m
mounted on top of generator. ut

is low, and is severely taxed by the increased demand for current
by the starting and lighting system. It also gives a higher
charging rate when the car is driven at slow speeds, and for short
distances between stops. In warm weather it prevents the
battery from being overcharged by reducing the charging rate
as soon as the generator warms up.

The Northeast Equipment for Dodge Car

The Northeast starting and lighting system used on the later
models of the Dodge car is a single-unit, 12-volt system. It
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consists primarily of the Northeast, Model G motor-generator,
combined starting switch and reverse-current cut-out, storage
battery, and current indicator.

A circuit diagram of this system is shown in Fig. 998. When
the starting pedal is depressed, the starting switch is closed,
thus short-circuiting the terminals of the cut-out. This allows
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F16. 998.—Wiring diagram of Northeast single-unit
motor-generator, reverse current cutout and 12-volt
storage battery, as applied to Dodge automobiles.

current to flow from the positive terminal of the battery,
through the starting switch and windings of the motor-gener-
ator, and then back to the negative terminal of the battery. The
‘motor-generator thus operates as a motor and turns the engine
crank shaft. After the engine begins firing and specds up, the
motor-generator is automatically converted into a generator and
begins charging the battery. The path of the current through



354 Theoretical and Practical Electrical Engineering

the charging circuit is the same as through the starting circuit,
except at the starting switch, where instead of passing from one
terminal of the switch contacts to the other, through the switch
blade, as when the switch is closed, it now flows through the
current winding of the reverse-current cut-out and current indi-
cator. The current indicator is of the C. O. D. type, indicating
“Charge,” "‘Off,” and “Discharge,” depending upon whether the
battery is being charged or discharged. The motor-generator
is driven at three times crank-shaft speed by a silent chain
running in oil. It is a compound-wound machine of the true
single-unit type, employing the same field and armature windings
to perform both the generator and motor functions.

When operating as a starting motor the machine operates as a
cumulative compound machine, thus giving a high starting
torque; but when driven as a generator it operates as a differen-
tially compound machine, and the charging current is regulated
by the differential action of the series field upon the shunt field,
in connection with the third-brush principle of current regulation.

The generator begins to charge the battery at about 10 miles
per hour, and the charging rate steadily increases until it reaches
its maximum value of about 6 amperes at 16 or 17 miles per hour.
From 16 to 21 miles per hour the charging rate remains approxi-
mately the same, but at higher speeds the charging rate decreases
until it may be only about one-third of its maximum value.

The shunt field is provided with a protective fuse, and this
should be removed in case the car is to be operated with the
battery removed.

Provision is made for readily changing the charging rate by
changing the position of the third brush, but under normal
operating conditions the maximum charging rate should not be
more than about 6 amperes.

The ‘‘Liberty” Ford Starting and Lighting System
The starting and lighting equipment now furnished with the
Ford car is a typical two-unit, 6-volt, single-wire system. The
starting motor is a four-pole, series-wound machine using the
Bendix drive which meshes with the gear teeth on the fly-wheel.
The generator is of the four-pole type, using the third-brush
method of current regulation. It is driven by a pinion mounted
on one end of the armature shaft, which meshes with one of the
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timing gears. The contacts of the reverse current cut-out,
which is mounted on top of the generator, are adjusted so as to
close at a car speed of about 10 miles per hour, and the maximum
charging rate is reached at a speed of about 20 miles per hour,
above which the charging rate decreases, a characteristic of the
third-brush generator.

Fig. 999 shows the wiring diagram for the complete starting,
lighting and ignition system. Dimming of the headlights on
this system is accomplished by using lamps of the double-fila-
ment type, one filament being smaller than the other and slightly
out of focus. Fig. 1000 gives a general vicw of the electrical
equipment on a Ford car, showing the actual location of the
various apparatus.

The Delco Single-Unit Starting and Lighting System

The Delco single-unit starting and lighting system used on the
Buick, Model 46, is typical of the 6-volt, single-unit Delco system
installed on many high-grade cars. It consists essentially of the
Delco motor-generator, combination lighting and ignition switch,
and storage battery.

The armature of the motor-generator is driven through an
overrunning clutch from an extension of the pump shaft when the
machine is driven by the engine, and operates as a generator
charging the battery. As shown in Fig. 1001, a small pinion is
mounted on the rear end of the armature shaft and meshes with
an intermcdiate gear, which in turn meshes with the teeth on
the fly-wheel for cranking the engine when the unit operates as a
motor. As previously explained, one of the intermediate gears
contains an overrunning clutch to prevent the fly-wheel from
driving the armature at an excessive speed when the engine
starts firing. The Delco motor-generator differs from the usual
machine of this type in that it has individual windings on the
armature and field for performing the generator and motor
functions. The armature windings are connected to separate
commutators, having two separate scts of brushes. One of the
field windings is a shunt winding and is used when the machine
operates as a generator, while the other is a series winding and

the machine operates as a motor for cranking
ush mechanism is constructed in such a way
.arting pedal is depressed for cranking the
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engine, both motor brushes, one of which is normally out of
contact with the commutator, will be brought into contact with
the commutator connected to the series motor ‘winding, while at

F1G. 1000.
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the same time one of the generator brushes is lifted from its
commutator, thus opening the generator circuit while the crank-
ing operation is being performed. When the starting pedal is
released, one of the starting brushes is automatically raised and
the generator brush is dropped to its former place on the com-
mutator, thus completing the generator circuit for charging the
battery.

Fig. 1002 is a complete circuit diagram for this system. It
will be seen that the button on the left of the combination switch
controls the ignition circuit and also the charging circuit between
the generator and storage battery. The second button controls

BUICK MOTOR OOHPANY—IODIIS D-44-45-46-47
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Fi6. 1002.—Wiring circuits for Delco starter-generator equip-
ment for Buick automobile, including circuit breaker and lighting
circuits.

the head lights, and the third button controls the auxiliary or
““/dim" lights, while the fourth button controls the cowl and tail
lights. )

Fig. 1002 also shows the winding and contacts of the circuit-
breaker which is mounted on the back of the combination switch
and connected in series with the light circuits. It takes the
place of fuses, which are often used for protecting the battery
against excessive discharge in case a ground should occur on any
of the light circuits. In case a ground should occur on any of
these circuits, an excessive current will flow through the wind-
ings of the circuit-breaker, causing it to open the contacts inter-
mittently, making a clicking sound, but automatically restoring
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the contacts to the closed position when the ground or short
circuit is removed.

The motor-generator has three separate operations to perform:
(1) motoring the generator, (2) cranking the engine, and (3)
generating electrical energy.

When the w switch is closed, the circuit between the
battery and generator will be completed and current will flow
from the battery, causing the armature to slowly turn, thus
motoring the generator so that the starting gears may be easily
brought into mesh when the starting pedal is depressed. Failure
of the machine to operate as a motor may be due to a dirty
commutator and poor brush contact; an open circuit in the shunt
field or armature winding, or a weak battery or sticking genera-
tor brush.

The first part of the movement of the starting pedal shifts the
starter gears into mesh between the fly-wheel and the pinion on
the armature shaft. The gears should not be forced together
in case they do not mesh readily, but the starting pedal should be
slightly released, thus allowing the armature to rotate and change
the position of the gear teeth. As the starting pedal is moved
farther, the brush switching mechanism is operated in such a
way as to raise one of the generator brushes, thus opening the
generator circuit and preventing the generator windings and
motor windings from opposing each other during the cranking
operating, as this would cause a very slow cranking speed.

On some cars equipped with this system the generator brush
is not raised, but the generator circuit is opened by a switch
which is located in the back of the motor-generator and operated
by the shifting mechanism.

The last part of the movement of the starter pedal operates
the motor brush, bringing it into contact with the motor com-
mutator, thus completing the circuit between the storage battery
and motor windings, and the machine now operates as a motor,
cranking the engine. Upon releasing the starting pedal the
above operations are reversed, leaving the generator windings in
circuit for the generation of current.

The armature is now driven through the overrunning clutch
and begins to charge the battery at a car speed of about 7 miles
per hour. The current output of the generator is regulated by
the third-brush principle, and the charging current will increase
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to about 15 amperes at a speed of 25 miles per hour, above which
it will decrease slightly.

The ammeter is connected as shown in Fig. 1002 and indicates
all current flowing into or out of the storage battery, except that
used for starting purposes.

By inspection of the diagram it will be seen that the shunt
field is not connected directly between the third brush and the
main brush of opposite polarity, as is usually the case, but one
end of the winding is taken out through the generator housing
and connected on to the terminal of the ignition coil as shown.
The path of the shunt field current is now as follows: From the
third brush, through the field winding and then through the
contacts of the combination switch which control the ignition
and charging current, and then back to the main- generator
brush of opposite polarity. The shunt-field winding is con-
nected through the combination switch, so that in case the engine
ignition is turned off when coasting down long grades the shunt-
field circuit will also be opened and thus prevent the generator
from building up. If the generator was permitted to build up
when the ignition switch was turned off, thus openirg the
charging circuit, the windings of the generator might be
seriously damaged.

In this system, dimming of the headlights is accomplished by
providing an auxiliary set of lamps of low candle power, but
where desired the dimming may be accomplished by inserting a
resistance unit in series with the headlamps.

SECTION XVIII CHAPTER 1V
AUTOMOBILE ENGINE IGNITION, STARTING AND LIGHTING
STARTING AND LIGHTING SYSTEMS

1. Explain the general scheme of the single-unit electric starting
system.

2. Explain the general plan of the two-unit electric starting system.

3. What are the relative advantages of the two systems and under
what circumstances is one to be preferred over the other?

4. Explain the “sliding pinion” type of drive for connecting the starting
motor to the engine for cranking,
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5. Explain “magnetic” type of drive for connecting the starting motor
to engine when cranking.

6. Explain the “Bendix” drive for connecting the starting motor to
engine when cranking.

7. What are the particular advantages of each of the three types?

8. Explain the object and principle of operation of the “reverse-current
cutout” used in connection with the charging generator and storage bat-
tery on a starting system. Sketch.

9. Give a diagrammatical sketch of a “single-unit” starting system
complete. Mark the name of each part.

10. Give a diagrammatical sketch of a “two-unit” starting system com-
plete.

11. Explain the construction and principle of operation of the “bucking
series” type of charging generator for automobile work. Sketch.

12. Explain the construction and principle of operation of the *vibrating
relay” type of regulator for delivering a constant current from a variable
speed generator. Sketch.

13. Explain the construction and principle of operation of the ‘vibrat-
ing relay” type of regulator for delivering a constant potential from a
variable speed gererator. Sketch,

14. Explain the construction and principle of operation of the “third-
brush” type of generator for delivering a constant output at variable
speed.. Sketch.

15. Sketch and explain the general plan of the Remy two-unit starting
system with third-brush generator and thermostatic control. What are
its advantages?

16. Sketch and explain the general plan of the Northeast single-unit
starting system used on Dodge cars.

17. Explain the general plan of the “Liberty” two-unit starting system
used on Ford cars.

18. Explain the general plan and details of construction of the “Delco”
single-unit starting system. What are its advantages and disadvantages?



SECTION XVIII CHAPTER V

AUTOMOBILE ENGINE IGNITION, STARTING
AND LIGHTING

TRAIN LIGHTING

The majority of first-class passenger coaches, as well as all
Pullman cars on all steam passenger lines today, are electrically
lighted. The advantages of electricity for this purpose over oil
and gas are sufficiently well understood. The essential condition
to be met is, that the voltage of the lamps shall be constant at all
times, regardless of the number of lamps in use and the speed and
the direction of the train.

Three principal systems are in use today

First: The straight storage system, in which each car is
supplied with a storage battery of its own.

Second: The head-end system, in which a constant potential
generator driven by a direct-connected steam turbine is placed
in the baggage car or on the locomotive itself and furnishes cur-
rent for the whole train.

Third: The axle generator system, in which a small generator
mounted under each car is directly driven by a belt from the car
axle.

The straight storage system was used in the first installations
of electric lights on steam cars. It ordinarily consists of thirty-
two cells of lead storage battery of about 300 ampere-hours
capacity placed in lead-lined compartments supported under the
center of the car. The size of the battery is such that it is not
practical to exchange a discharged battery for one freshly charged
at the end of the line. Therefore the cars must lie over long
enough to have the batteries charged. Because of the wide
change of temperature the battery varies greatly in capacity,
and in extremely cold weather it is sometimes difficult to get
enough energy from the battery to care for the lighting through-
out a long trip. If the batteries are not placed on charge
promptly at the end of a run or are left in a discharged condition,
sulphation, with consequent deterioration of the entire battery,
results. Furthermore, the change in voltage between the con-
dition of charge and discharge makes an objectionable change in
the candle power of the lamps.

363
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In the head-end system, a compound-wound generator is
driven by a steam turbine. which takes steam from the locomo-
tive. The unit mayv be mounted in the corner of the baggage
car or on the locomotive itseli. The complete equipment must
include storage batteries. preferably one for each car, to operate
the lights when the train is disconnected. This system is used
on the Chicago, Milwaukee & St. Paul; the Union Pacific, Chicago,
Burlington and Quincy, and the Northern Pacific. It is espe-
cially adapted for lights where the runs are exceptionally long.
The Baltimore & Ohio also uses the head-end system on a few
of its trains.

On the Baltimore & Ohio, the head-end system involves a 20-
k.w., 110-volt, compound generator driven by a Curtis turbine at
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F16. 1003.—General scheme of Baltimore & Ohio Railroad head-
end system of train lighting.

a speed of 4,500 r.p.m., with a pressure of 80 pounds. The Pull-
man cars on the train cach carry a 32-cell, 300-ampere-hour stor-
age battery.  Coaches and express cars have no battery. The
generator delivers a pressure of from 65 to 90 volts according to
the condition of the batteries. When the generator is in opera-
tion at the saime time that lights are burning, the charging volt-
ape is reduced by means of the regulator, R, Fig. 1003, to the
amount necessary to merely float the batteries, thus allowing the
lamps to he carried directly on the generator and at the same
time preventing excessive charging of the batteries. To main-
tain the lamps at proper voltage, each car is provided with an
automatic lamp regulator, A, B, C, Fig. 1003, similar to that
shown at ¢, T, R, S, in Fig. 1004, which will be explained later.
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This regulator holds the pressure very close to 63 volts, and
Tungsten Mazda lamps of this rating are employed. They use
a three-wire train line.

The Chicago, Milwaukee & St. Paul also employs a three-wire
train line on their head-end system, but arranged so as to give
two separate circuits, Fig. 1005. The batteries are connected on
one circuit and the lamps on the other. The batteries may thus
be charged over one circuit from the generator and the lamps sup-
plied over the other. Or, if the train is broken up or the gener-
ator disconnected, the lamps may be thrown directly upon the
batteries by connection shown by dotted line. While the gen-
erator is operating, however, a variable resistance, E, is inserted

F1G. 1004.—Lamp regulator and battery charging regulator for axle-generator
system of train lighting.

in the lamp circuit at the head of the train by mcans of which
the lamp voltage may be maintained constant while the charging
current can be altered by a regulator R, so as to charge the
battery at any desired rate.

In the first attempts at lighting by the head-end system, the
generator was allowed to carry the entire lighting load and no
storage battery was employed. This naturally resulted in
frequent lighting failures due to separating the train or discon-
necting the locomotive. It therefore became necessary to use
storage batteries to a limited extent. Batterics were first placed
on the front and rear cars of the train. Even this was not satis-
factory, and head-end systems today generally employ a battery
on each car.
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The head-end systems are standardized at 62 volts, using 32
lead cells in series. This necessitates a pressure of at least 84
volts from the generator to properly charge the battery. The
lamp circuit is maintained by the regulators at about 63 volts.

The most expensive system from the standpoint of first cost
is the axle-generator system. But because of the entire inde-
pendence of each car and many improvements introduced in-
recent years, it has come into quite universal use on eastern roads,
among which are the Pennsylvania, Baltimore & Ohio, and
Southern. In this system a small generator, fully enclosed to
exclude dirt and moisture, is carried in a cradle attached to the
running gear of one truck, the generator being usually driven
from one axle by a belt, both driving and driven pulleys being
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provided with flanges to insure the belt staying on. The gen-
erator charges the storage battery, which is usually a 16-cell
equipment rated at 30 volts. In this system it is more difficult
to maintain a constant voltage than with either of the preceding
systems, because of the fact that the speed of the generator varies
through wide limits with the speed of the train; and the generator
must furthermore be capable of operating equally well in either
direction. An ordinary shunt generator does not possess char-
acteristics suitable for this service. To insure a constant volt-
age under variable speed, more or less complicated regulating
devices are required. Some generators built for the purpose of
charging batteries on automobiles have inherent characteristics
which adapt them for this work. But they are generally of
small capacity. Furthermore, the axle-driven generator with
its accompanying regulating devices was perfected before the
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introduction of the small charging dynamo now so commonly
used on automobiles.

To prevent the candle power of lamps from varying widely,
automatic regulators must be provided which will hold the volt-
age constant at the lamp while the voltage of the battery varies
between the extremes of full charge and complete discharge. In
addition to this the regulators must prevent voltage variation due
to change in speed of the generator itself.

One mechanical method of regulating the generator voltage in-
volves the use of a slipping clutch. The speed of the generator
may thus be held constant while the speed of the train varies.

The more general method involves regulation by electrical
means, first of the lamp voltage by automatically inserting re-
sistance in the lamp circuit, or in the field circuit of the generator;
and second, by employing the armature reaction of the generator
itself to hold the voltage of the machine constant.

The principle of voltage regulation employed in the Gould
system is illustrated in Fig. 1004. This regulator employs a pile
of carbon discs, C, connected in series between the battery and
the lamp circuit. If the voltage of the battery, B, rises above
that for which the lamps are designed, as would be the case
toward the end of a charge, the pressure on the lamps, L, will
rise. This will cause the circuit through the solenoid S, in shunt
with the lamps, to increase. As the solenoid raises its plunger,
it operates through a connecting lever to increase the pressure
upon another stack of carbon discs, R, thereby lowering their
resistance and permitting an increase of current through the
solenoid 7. The upward motion of the core of this solenoid
releases the pressure on the carbon stack C, the resistance of
which will thereby be increased. This causes the excess of pres-
sure above that required by the lamps to be absorbed by C. As
the operation of solenoids S and T depends upon an actual altera-
tion of the lighting voltage, the pressure on the lamps cannot be
held absolutely constant, but the variation is slight. The reason
that the two solenoids are employed is to increase the sensitive-
ness of the system. Solenoid S acts as a relay and transfers
through R, to the solenoid T, the impulse which it receives, there-
by producing a magnified effect upon S. That is to say, a very
slight alteration in line voltage affects S comparatively slightly.
But because of the sensitiveness of the carbon stack R to changes
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in pressure, a slight alteration of S varies, to a magnified degree,
the current through the solenoid 7. It is therefore able to pro-
duce a large alteration in the pressure upon C and thereby check
any great rise in voltage.

The generator voltage employed to charge the battery or light
the lamps directly is regulated by altering the pressure upon a
stack of carbon discs in series with the shunt field of the genera-
tor. The carbon pile is acted upon by two solenoids, V and F.
The solenoid V is connected in shunt with the line and therefore
depends upon changes in generator voltage and responds to the
slightest alteration of speed. The solenoid F is connected in
series with the storage battery across the line and is influenced
solely by variation of battery current.

A pole-changing switch, P.C., operates automatically to con-
nect the genmerator to the battery in the proper way, regardless
of the direction of rotation of the generator. In some systems
the rocker arm is mounted so lightly that the friction of the
brushes on the commutator will rotate brushes and arm 180
electrical degrees in either direction and thus insure the proper
polarity for the delivered current no matter which way the
generator revolves.

Assuming the pole-changing switch to have closed, as the
generator rises in speed the shunt winding of the automatic main
switch K is energized. At a speed of about 12 miles per hour, this
solenoid raises its core and closes the switch K. Current imme-
diately commences to pass from the generator G through the
solenoid F, battery B, and back through the series winding of K
to the negative side of the generator. This current is in such a
direction as to supplement the pull of the shunt winding and thus
hold the switch K firmly closed. But should the generator slow
down to such an extent as to allow the battery to discharge
through the generator, the reversal of current in the series winding
of the switch K operates differentially with respect to the shunt
winding and allows the switch to drop open. This prevents
motoring of the generator. As the speed of the generator acceler-
ates, its voltage rises and the charging current into the storage
battery also increases. This increase of current causes the sole-
noid F to raise its core, thereby relieving the pressure pre-
viously exerted by the weight of the core on one end of the
carbon stack D. This causes the resistance in the field of the
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generator to be increased and the voltage to be lowered. As the
line voltage rises, due to increased generator speed, the solenoid
V is strengthened and raises its core, thereby reducing the pres-
sure on the right-hand end of the carbon stack D, still further
increasing the resistance in the generator field circuit and lower-
ing the voltage.

There are numerous other systems in which the methods of
regulating the lamp voltage as well as the charging current vary
widely.

For long runs with solid trains, the head-end system, with one
generator taking care of the storage battery charging and lighting
for the entire train, is the most economical.

If the runs are short and the cars lie over for considerable time
in terminal yards, the straight storage system is the most econom-
ical, provided the same equipment is always used for the same
runs.

Where entire independence of operation is desired and where
equipment is transferred from one system to another, and where
the cars are apt to be gone for a considerable length of time,
the axle-generator system is the most flexible and has proved
the most satisfactory.

SECTION XVIII CHAPTER V
AUTOMOBILE ENGINE IGNITION, STARTING AND LIGHTING
TRAIN LIGHTING

1. Explain the general plan, advantages and disadvantages of the
“straight storage” system of lighting for railroad trains.

2. Explain the general plan, advantages and disadvantages of the “head-
end” system of lighting for railroad trains.

3. Explain the general plan, advantages and disadvantages of the “axle-
generator” system of lighting for railroad trains.

4. Explain the general plan of regulator employed for governing the
charging of storage battery and the regulator for governing the voltage
of the lamp circuit used with the axle generator system of the- Gould
Company. Sketch.



SECTION XIX CHAPTER 1
TRANSMISSION OF POWER

THE FLOATING-COIL CONSTANT-CURRENT
TRANSFORMER

Series arc light generators were not practical in sizes much
larger than 150 lights capacity. They therefore absorbed a
comparatively small amount of power and were not as efficient as
machines of several thousand kilowatts. The development of
a special type of transformer permitted the abandonment of the
series arc light generator as it was found that a constant current
could be obtained from a constant potential alternator by means
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F1G. 1006.—Principle of constant-current floating-coil transformer.

of this special transformer. All alternators today are constant
potential machines. By means of the usual constant potential
transformer, A, Fig. 1006, the pressure is reduced to 220 volts or
110 volts for lighting incandescent lamps, C, in multiple. By
means of the so-called floating-coil transformer, B, Fig. 1006,
a constant current for a series circuit may be obtained in which
the current will not vary more than one-tenth of an ampere
throughout the greatest possible variation in load. The primary
coil, P, supplied from a constant potential alternator, surrounds
370
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a central core of iron which divides in two parts in multiple,
forming a structure similar to that used in the shell type of
transformer. This primary is fixed in the bottom of the core.
Surrounding the core above the primary is the secondary coil,
S. This coil floats in space, being attached to the lever, D, on
one end and partially supported by the counter weight, W, on
the other end. Through flexible connections a series of street
lamps, E, is supplied. When current is impressed ‘upon the
primary, a secondary voltage will be induced which supplies the
load. The secondary current is practically in opposite phase to
that in the primary, so that the magneto-motive-force of these
two coils will be in opposition to each other. The reaction of
the secondary current will cause some of the magnetic flux which
passed through it and the central leg of the transformer to be
diverted out from under it, returning through the outside legs
to the bottom of the core. The reaction of this current causes
the coils to repel each other. The secondary coil therefore floats,
as it were, on this leakage flux. The repulsion between the two
coils, plus the counter weight, W, balances the force of gravity
on the secondary coil.
To turn out lamps on the secondary circuit they must be
“short-circuited. This would reduce the resistance of that cir-
cuit. The immediate effect would be to cause the current to
rise. This would produce a greater repulsion between the pri-
mary and secondary. The secondary would therefore move up
until additional leakage flux, L, was diverted beneath it to such
an extent as to lower the voltage induced therein until the
current was reduced to practically the same value as before, after
which the coil would again float stationary in space. If, on the
other hand, additional lamps were cut in series on the secondary
circuit, the current would fall. The repulsion between the two
coils would then go down and the secondary coil would move
toward the primary, thus permitting more of the leakage flux to
pass through it. When this increased flux raised the voltage
sufficiently to restore the current to the original value, its down-
ward movement could cease. The secondary coil therefore
always floats at a point where the secondary current will be
maintained at a fixed value, the particular value in any case
being determined by the amount of counter weight, W. The
lighter the counter weight the greater the current. The heavier
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.the counter weight the smaller the current. A small floating coil
transformer, with a single primary and a single secondary, each
built in two sections, which are rigidly attached to each other,
manufactured by the General Electric Company, is shown in

Fi16. 1007.—General Electric constant-current floating-coil transformer.

Fig. 1007. This permits two circuits to be taken from the single
secondary, thus avoiding the high potential which would be in-
volved in a single circuit. Large transformers of this type have
two moving coils and two stationary primary coils which are
not rigidly attached to each other. Inthat case the two primaries

-
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are at the extreme top and bottom of the central member and the
secondaries move from positions immediately adjacent thereto
away from the primaries and toward each other at the center.
The two secondaries are counter-balanc-d against each other.
The counter weight then opposes their movement from the pri-
mary instead of aiding it as when there is but one secondary.

As these transformers depend for their regulation upon the
leakage flux, the power factor involved is very poor. It is 759,

X
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F1G. 1008.—Circuits of three-phase constant-current transformer and mercury
rectifier for series direct-current arc-light circuit.

to 859, at full load and goes down directly with the load. The
range of load is approximately from 259, to 1009, for the
voltage induced in the secondary winding will be at least 259,
of the maximum voltage when the primary and secondary are
as far apart as possible. The efficiency is between 95 and 969.

To put the transformer in action the secondary circuit is
closed on the lamps, the counter weight W is pulled down and
the windings separated as far as possible. The primary is then
put into circuit with the source and the counter weight released.
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The secondary coil then floats down into position until the cur-
rent has risen to the particular value for which the counter
weight W is'adjusted. Thereafter the variation in current under
the widest variation in load will not be more than one-tenth of
an ampere.

These transformers are used for supplying current both for
incandescent and arc-light series circuits. For incandescent light-
ing the alternating current is just as satisfactory as direct.
For arc lighting the mercury rectifier is employed in connection
with these transformers because of the higher efficiency of the
direct-current, as compared with the alternating-current arc.
Fig. 1008 shows the application of the mercury rectifier to a three-
phase circuit and the direct-current lighting circuit attached
thereto. Here. the direct-current leading from the mercury
rectifier terminals is passed into the arc-light circuit and then
returned to the neutral point of the Y-connected secondaries of
the transformers. For three-phase circuits, three single-phase
regulators may be used, one across each phase. Or they can be
furnished in pairs with an auxiliary auto transformer to give
a balanced load. Where three regulators are used the auto
transformer may be omitted.

Where incandescent lamps are employed in series, some pro-
vision must be made for maintaining the continuity of the circuit
when a filament burns out. This is usually accomplished by
bridging the lamp terminals with two small aluminum discs
separated by a thin piece of chiffon veiling or similar material.
Series incandescent lamps usually require between 10 and 20
volts each. This pressure is so low that the light insulating film
is not broken down. If, however, the lamp filament fails, the
potential across its terminals rises. This is sufficient to punc-
ture and entirely destroy the film, allowing the two aluminum
discs, which are maintained under spring pressure, to come into
contact with each other and short-circuit the lamp terminals,
thus preventing the circuit from being interrupted. Where arc
lamps are connected in series an individual magnetic cutout is
placed in each arc lamp to short-circuit the lamp should the
electrodes become separated.
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SECTION XIX ) CHAPTER I
TRANSMISSION OF POWER
THE FLOATING-COIL CONSTANT-CURRENT TRANSFORMER

1. Sketch and explain the construction and principle of operation of
the “floating coil,” constant-current transformer.

2. For what purpose is this type of transformer used? Why?

3. What is the efficiency, power factor and degree of regulation ob-
tained with this type of transformer?

4. Sketch a three-phase mercury rectifier and floating coil transformer
used for deriving a single series arc light circuit from a three-phase source.



SECTION XIX CHAPTER II
TRANSMISSION OF POWER
THE THREE-WIRE SYSTEM

The Edison three-wire system was devised for the purpose of
transmitting power at 220 volts and utilizing it at 110 volts, thus
reducing the transmission line loss. It has already been set
forth that the copper required for transmitting a given amount of
power a given distance with a fixed loss is inversely proportional
to the square of the voltage of transmission. Thus to transmit
a given amount of power at 200 volts will require one-fourth the
total copper required to transmit the same power the same dis-
tance with the same loss at 100 volts. To prove that this is so,
consider the calculation shown in Fig. 1009. Here 10,000 watts

F1G. 1009.—100 amperes X 100 volts = 10,000 watts; resistance of line = 0.1
ohm, loss = 105, = 10 volts. 10 volts X100 amperes = 1,000 watts lost.

are delivered by a generator for transmission in the form of 100
volts and 100 amperes through a circuit the resistance of which,
exclusive of the load, is 0.1 ohm. The current of 100 amperes
flowing through this resistance will involve a loss of 10 volts,
which is 109, of the generated voltage. A loss of 10 volts and
100 amperes equals 1,000 watts. Deducting this from the 10,000
watts produced leaves 9,000 watts delivered at the load.
ig. 1010. Here a line is shown having a total
am resistance instead of 0.1. It is obviously
cross-section. To transmit 10,000 watts at
sire but 50 amperes. Fifty amperes passing
esistance of 0.4 ohm will cause a loss of 20
ore, is 109, of the generated voltage. Twenty



Transmission of Power 377

volts times 50 amperes equal 1,000 watts. Deducting this from
the 10,000 watts gencrated leaves 9,000 watts delivered. Thus
in the two cases the same power is generated, the same power is
lost and the same power delivered. The copper required in the
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F1G. 1010.—50 amperes X 200 volts = 10,000 watts; resistance of line = 0.4
ohm, loss = 109, = 20 volts. 20 volts X 50 amperes = 1,000 watts lost

second case, however, is one-fourth that required in the former.
This is because the current transmitted is halved and the actual
voltage lost is doubled.

In the Edison system, two generators, A and B, Fig. 1011, each
supplying 100 volts, are connected in series. Two lamps, C and

E _ F
T "] 12.5 LBS
w
HOR c
1 1 f10 6.25 LBS
w
B ] D
1 24 12.5 LBS

TOTAL-31.25 LBS

Fi1G. 1011.—Total copper required to transmit a given amount of powera given
distance on the three-wire system with a fixed loss.

D, are likewise connected in series. The current flowing through
this circuit will pass out from the point E to the point F, thence
through the two lamps in series and back from G to H. The
same current that flows through C passes through D. In Fig.
1012, twice the current would be required to light two lamps, for
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they are connected in multiple. As the same power is trans-

mitted in both cases it is evident from the foregoing discussion

that, if the upper wire in Fig. 1012 weighed 50 pounds and the

lower wire weighed 50 pounds, the total weight for both lines

would be 100 pounds. In Fig. 1011, the transmitting voltage beign

double, the size of each of the two outside wires could be made
- gy 50 LBS

#1

= 50 LBS
TOTAL-100 LBS
F1G. 1012.—Total amount of copper required to
transmit the same amount of power transmitted
in Fig. 991, the same distance, on a two-wire sys-
tem with the same total loss and the same voltage
at the lamps.
one-fourth of that in Fig. 1012, or 1214 pounds. If, however, there
was no middle wire and one of the lamps was turned off, it would
interrupt the circuit for the other, and as it is undesirable to put
two lamps out at once, a neutral wire is employed, returning to the
middle point between the two generators. The amount of
current carried by this wire varies with the number of lamps on

i

Fi16. 1013.—Various currents in neutral wire on the three-wire system.

one side of the system in excess of those on the other side at any
particular instant. It- therefore cannot be regulated or cal-
culated. In some installations the current required is such as
to necessitate a neutral twice the size of an outside wire. In
buildings, the neutral is generally of the same size; in feeders,one-
half the size. Assuming it in this case to be one-half the size of
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an outside wire, it would weigh 64 pounds. The total weight
for the three wires would therefore be 3114 pounds. Thus it has
been customary to say that the three-wire system requires 31349,
of the copper required on the two-wire system. Fig. 1013 shows
the original arrangement of the Edison three-wire system. Two
110-volt generators were placed in series and the load divided as
evenly as possible between the two sides of the system. The
economy of this system was only fully realized when the load
was exactly balanced. To whatever extent one side demanded
more current than the other, to that extent that side of the
system operated with the economy of the two-wire system only,
instead of that of the three-wire system. Lamps A and B being
in series, the neutral carries no current as far as they are con-
cerned. Lamps C and D may be removed from each other some
distance so that the current flows through C and thence through
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F16. 1014.—One large 220-volt generator to care for the bal-
anced load and two small 110-volt generators to care for an un-
balanced load on the three-wire system,

the neutral until it finds a circuit through the lamp D to the
negative side of the line. The current through E flows away
from the station through the neutral until it finds a path through
F to the negative wire, while the current through G must return
through the neutral wire to the station. Thus the neutral may
be positive and negative and neutral all at the same time in
various portions of its length.

Lamps are commonly built for 110 volts and connected on one
side of the system. Small motors are connected in the same
way. In certain localities motors over one-half horse power are
required to be wound for 220 volts and are connected across the
two outside wires of the system. This prevents unbalancing of
the system by motor loads.

As the size of the load on the three-wire system grew in large
cities it became desirable to use one large 220-volt generator
connected to the positive and negative wires to carry the bulk
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of the balanced load as in Fig. 1014, and two small engine-driven
generators of 110 volts each, connected in series, across the lines
with a tap from between them to supply the neutral and care
for the unbalanced load. The maximum unbalanced load that
could be handled was limited to the capacity of one of the small
generators. Should the unbalanced load exceed this capacity,
the load on the small set could be reduced by throwing an
artificial load on the other side of the system. To whatever
extent the load was thus balanced, to that extent the two small
machines would be relieved and the additional load would be
carried by the large generator. Should a large unbalanced
load be thrown suddenly on one side of the system in excess of the
capacity of the one small generator, its circuit breaker and fuses

T ¥ +

200 E 133 E A 200 R
- +
c 1 200 R
66{: B 200 R

F1G. 1015.—Effcct of opening the neutral on an unbalanced three-wire
system.

might open the circuit, thus breaking the neutral wire. The
effect of opening the necutral on a three-wire system when the
load is unbalanced is to produce a great difference in voltage
on the two sides of the system. To illustrate this, consider Fig.
1015. Here one lamp of 200 ohms is connected on the A side of
the system, and two lamps of 200 ohms each are connected in
multiple on the B side, with 200 volts across the two outside wires.
The object is to maintain this voltage evenly divided between
the two outside wires or 100 volts on each. Should the neutral
be opened at C from any cause, the result will be as follows: A

100-volt 200-ohm lamp requires % = % ampere. The two

lamps on the B side combined have 100 ohms resistance. This
in series with the one lamp on the A side makes a total of 300
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ohms. With the neutral open, 200 volts will establish in this

circuit }% = I. % = % ampere, in the lamp on the A side.
I XR=E. §X200= 13314 volts on A. %X 100 = 6624

volts on B. Thus, instead of an equality of voltages, the voltage
goes up on the A side and down on the B side in proportion to
the combined resistances. The ratio of voltage is as 2 to 1, which
is the same as the ratio of the resistances on the two sides. The
upper lamp gets 24 of an ampere instead of 14, and each lower
lamp gets 14 of an ampere instead of 4. The upper lamps are
thus overloaded and the lower lamps operated at reduced current.
The greater the unbalancing of the load the greater the unbalanc-
ing of the voltages. Thus it is entirely possible for the voltage
on one side to rise to such an extent as to burn out a large number
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Fi16. 1016.—Motor-balancer set for caring for unbalanced load on three-wire
system.

of lamps should the neutral be opened. Every precaution is
therefore taken to insure that the neutral circuit shall be main=
tained closed.

Another method of supplying the unbalanced load is by em-
ploying one or more large generators of 220 volts each shown in
Fig. 1016, with a motor-balancer set M-G, whose armatures are
connected in series across the lines with a tap to the neutral wire,
the shafts of the two machines being rigidly coupled. When
the load is balanced these two machines float idly on the system
with their fields across the line, absorbing only their stray power
and field losses. If an unbalanced load is thrown on the negative
side of the system, there is a demand for current between the
neutral and negative wires. The difference of potential across
these two wires causes a current to flow from between the two
machines into this wire. This current coming from the lower
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machine causes it to act as a generator, its counter e.m.f. now
exceeding the drop across it. This current causes the machine
to react through its shaft connection upon the upper machine,
which acts as a motor to drive it. This causes a demand for
current from the main generator. Now if the unbalanced load
calls for 10 amperes, 5 amperes will come from the main gen-
erator down through the motor M to the neutral wire. Five
amperes will also come up from the other machine G and unite
with the former, making 10 amperes in the neutral, which sup-
plies the unbalanced load. There are three circuits here in-
volved, each supplying a different current and voltage. First,
assuming a balanced load of 90 amperes, this current comes
from the main generator at 220 volts over the positive wire,
supplies the load and returns over the negative wire to the gen-

+
(0)c A

b

[e] _ A
@p "{’
= _

FiG. 1017.—Compound motor-balancer set for equalizing voltages on an un-
balanced three-wire system.
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erator. Second, to supply the unbalanced load, 5 amperes passes
from the generator at 220 volts into the positive wire and down
through the motor M. It there falls 110 volts in potential and
then passes out over the neutral and supplies a part of the un-
balanced load, falling the other 110 volts through it, and return-
ing over the negative wire to the generator. Third, the 5 amperes
and 110 volts lost in the motor are transformed into 5 amperes and
110 volts in the generator G. This machine then furnishes §
amperes and 110 volts over the neutral wire, through the un-
balanced load and back over the negative to the small machine
G, where it originated. Neglecting losses, the voltage of each
of the two sides of the system will be maintained at 110 volts.
As a matter of fact, the motor must take in enough power to
supply the losses in both machines of the set. Hence there will
be a discrepancy of voltage, the positive or lightly loaded side

ding to rise in voltage while the heavily loaded side tends to
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fall. This may be partially corrected by using compound motor
balancers as in Fig. 1017. In addition to the shunt winding,
each machine has a series winding. The current may reverse in
either of these windings, depending upon whether the excess of
load is on the A side or the B side of the system. The machines
in a motor-balancer set reverse their functions as motor and gener-
ator according to the location of the excess load. When the excess
is on the B side, C is a motor and D is a generator. When the
excess is on the A side, D is a motor and C is a generator. The
double-headed arrows indicate that one direction of current, S,
strengthens the field, while the other direction of current, W,
weakens the field. Now should an excess load be thrown upon
the B side of the system, current from the main generator flowing
down through C passes through the series winding in such a
direction as to weaken the field of this machine on its way to the

Fi1G. 1018.—Motor-balancer set with cross-connected fields for
equalizing voltage on unbalanced three-wire system,

neutral. At the same time D is operating as a generator and
sends current upward on its way to the neutral, passing through
the series winding in such a way as to strengthen the field. This
tends to raise the voltage on the B side and consequently lower
it on the A side and thus maintain an equality of potentials.

A more widely used method of compensating for inequalities
of potential is shown in Fig. 1018. Here the shunt fields are
cross-connected so that the field C of machine A is connected
across the armature of B, and thg field D of machine B is con-
nected across the armature of A. Now with an excess load at
G, the tendency is for the potential to fall on the negative side
of the system. As the field winding C is connected to this side,
it is thereby weakened, and A, acting as a motor, speeds up,
while the tendency for the voltage to rise on the positive side at
H results in raising the excitation of the field D which supplies
flux for the generator B. Thus the voltage of B is increased
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and the fall on this side of the system prevented. The combined
effect results in equalizing the voltage on the two sides of the
system.

In all three-wire systems depending upon a balancer set for
maintaining the potential of the neutral, a protection must be
afforded against the possibility of a short circuit on one side of
the system causing the full potential of the main bus to be im-
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Fi6. 1019.—Differential rclay, A, for tripping circuit breaker cn main gen-
erator in case of greatly unbalanced load on a three-wire system employing
a motor-balancer set.

pressed upon the other side with destructive results to the lamps.
This may result from the automatic disconnecting of the motor-
balancer set due to short circuit, with automatic circuit opening
devices, or, if the set is not balanced, from the flashing over of
the commutator of the machine on the short-circuited side. One
method of averting this and affording protection is to employ a
differentially wound relay shown at A in Fig. 1019, with its coils
connected across the two outside wires of the system and its
contacts normally open. These contacts, when closed, provide
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a circuit which energizes from the main bus, a tripping coil, C,
on the circuit breaker of the main generator. The relay is
inoperative as long as there is an equality of potentials on the
two sides of the system. Abnormal rises of potential on either
side, however, energize one winding of the relay more than
the other, and the relay closes. Thus, although the actual load
on the main generator has not reached a dangerous amount, the
inequality of potentials which would endanger lamps operates
to disconnect the source of supply from the system.

Fig. 1020 illustrates the three-wire generator employed for
use on the three-wire system. The principle of this machine
has already been explained. By means of two sets of balance
coils which in effect are auto transformers connected to points in
the winding on the armature corresponding to a two-phase
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F16. 1020.—Three-wire generator with external balance-coils for supplying
three-wire system.

rotary, a neutral tap may be obtained which will insure the neu-
tral wire being maintained at mid-potential between the two
outside wires under widely varying loads. Fig. 1021 shows the
general appearance of the three-wire generator built by the
Westinghouse Electric and Manufacturing Company. The
view is from the pulley end with bearing removed to show the
connections of series, shunt and commutating pole windings.
The compound winding on such machines is generally arranged
so that the series coils on all the north poles are connected in
the positive line, while the series coils on all the south poles are
connected in the negative line.

Motor-balancer sets and three-wire generators cannot be
operated on the same system at the same time, as the balance
coils of the three-wire machine will act as a short circuit across
the balancer set. If both types of machines must be operated
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together, the neutral connection to the balance coils must be
opened, and the three-wire machine is simply employed to carry
the balanced load while the balancer set cares for any unbalanced
conditions.

The majority of large direct-current power systems in the

F1G. 1021.—Westinghouse three-wire generator showing connections of series,
shunt and commutating pole windings and internal arrangement of parts.
principal cities today are not supplicd from direct-current gen-
erators, as such machines cannot be made of more than a few
thousand kilowatts capacity. In very large sizes they become
expensive to build, and commutation is troublesome. Alter-
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nators, however, may be made of almost indefinitely large capac-
ity, 30,000 K.V.A. machines now being found in frequent use.
Alternating current is transmitted at high potentials to sub-
stations, where it is transformed and passed through rotary con-
verters. These rotary converters are located at convenient

F1G. 1022.—Connections of secondaries of transformers for six-phase dia-
metrical rotary converter.
points throughout the cities, and tie in on the direct current
side to the low-voltage network, supplying current at 220
volts to the outside wires of the three-wire system. The
neutral is maintained at a potential midway between the two
outside wires, not by any connection to the rotary but by a con-

1

Fi1G. 1023.—Transformer connected for three-wire operation.

nection to the transformer which supplies the rotary. Fig.
1022 shows the general arrangement. Here a three-phase
source, usually at 6,600 or 11,000 volts, supplies current over
the wires 1, 2 and 3 to the high-tension side of the three single-
phase or one composite transformer, which may be connected in
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A. The three low-tension windings are connected to the slip
rings of the rotary which tap the armature winding at points 60
electrical degrees apart. From the D. C. brushes of the rotary,
current is led over the wires A-B to the D. C. load. Any un-
balanced load takes current over the neutral, which current flows
out from or returns into the middle point of the three low-tension
windings of the transformers which are tied together at the
point E as shown. This point is midway in potential between

Fic. 1024
Ordinary core-type transformer not Special arrangement of core-type
adapted for three-wire operation transformer with distributed and
withJunbalanced load. interconnected secondaries specially

adapted for three-wire operation.

the A. C. brushes C and D, and likewise midway between the
D. C. brushes supplying the lines A-B.

In place of D. C. sources, transformers may also be used to
supply the three-wire system as in Fig. 1023. For this purpose
a single transformer may be used with the high-tension sections
in series on 2,200 volts and the low-tension sections likewise
in series, furnishing 220 volts. An ordinary core-type trans-
former cannot be used for this purpose if one-half of the low-
tension winding is on one leg and the other half on the other leg
as shown at A in Fig. 1024. In this case, should the load become
greatly unbalanced as at D, the reaction of the magneto-motive-
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force of that sectiomr of the winding supplying this load would
divert some of the flux which passed through it into the leakage
path, E, between the two windings. This would tend to lower
the voltage on the side D and raise the voltage on the side C.
If, however, the low-tension windings are divided as at B, one-
half of the low tension, G, being placed on one leg, and the other
half, H, on the other leg, the reaction of the current in these
windings on the magnetic flux brought about by an overload at
F would be equally distributed on both legs, and no leakage
flux would occur between the windings. This tends to maintain
an equality of potentials on both sides. The larger the trans-
former the more the low-tension winding should be sectionalized
and distributed.

SECTION XIX CHAPTER II
TRANSMISSION OF POWER
THE THREE-WIRE SYSTEM

1. Explain the advantages of the 220-volt system over a 110-volt system
with reference to the copper required.

2. Explain the advantages of a three-wire system over a two-wire
system.

3. (a) Why must a neutral be employed on a three-wire system? What
size should the neutral be made: (b) For ordinary housewiring? (c¢) For
“feeders”?

4. What percentage of copper is required on a threc-wirc system
compared with a two-wire system for delivering the same number of
lamps the same distance with the same percentage of power lost in the
line and the same voltage at the lamps?

5. How much current does the neutral wirc carry? What determines it?

6. What was the original plan devised by Edison for supplying power
on a three-wire system. Sketch.

7. What advantage has one 220-volt and two 110-volt gencrators over
two 110-volt generators? Sketch.

8. What will be the effect upon the voltage impressed on the lamps,
if the neutral wire is disconnected when the load is unbalanced? Ex-
plain fully.

9. If one side of a three-wire system has 100 40-watt, 110-volt lamps
in circuit and the other side has 2 100-watt, 110-volt lamps in circuit,
what voltage will be impressed on cach group if the ncutral fuse blows?

10. Explain the advantages and disadvantages of one large generator and
a motor-balancer set to supply a thrce-wire system. Sketch.
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11. What limits the amount of unbalanced load which may be cared for
when motor-balancers are used?

12. A three-wire system is supplied by a 400-k.w., 220-volt generator
and a motor-balancer set of 40-k.w. capacity on each end:

(a) What is the maximum number of 40-watt lamps which can be car-

ried on both sides of the system with a balanced load?

(b) What is the total number of lamps which can be carried on each

side of the system with the maximum permissible unbalanced load?

13. What is the advantage of the compound motor-balancer? Sketch.

14. What is the advantage of a motor-balancer set with cross-connected
shunt fields? Sketch.

15. What is the object in providing for tripping the circuit-breaker
on main generator in case of excessive overload on one side of a motor-
balancer system? Why must this be done?

16. Explain the general construction of a three-wire generator for
supplying a three-wire system.

17. Under what conditions may a three-wire generator be used for
supplying a three-wire system?

18. Can 2 110-volt generators in series or a motor-balancer set be
used in parallel with a three-wire generator? Why?

19. If a six-phase rotary converter is used to supply a three-wire sys-
tem, to what point must the neutral of the system return? Sketch.

20. Can 2 110-volt transformers be used in series to supply a three-
wire system? Sketch.

21. Can a single 220-volt transformer be used to supply a three-wire
system? If so, under what conditions? Sketch.



SECTION XIX CHAPTER III
TRANSMISSION OF POWER
CALCULATION OF TRANSMISSION LINES

The line is a very important part of a power transmission
system. One of the first questions that arises in designing a
system for the transmission of power is the character and di-
mensions of the conducting circuit. In considering a trans-
mission problem the layman’s first question generally is: How
much power will be lost in the line? To which the engineer
replies: As much or as little as you please. If 100 kilowatts is
to be transmitted 20 miles, it would be possible to design the
line so that the entire energy would be wasted in heating the
line, and none would be available at the receiving end. By
using a larger conductor, only a portion of the 100 kilowatts
would be lost, and some would be available at the load. If, in
a given transmission line, 50 kilowatts represents the energy
wasted in overcoming the resistance of the circuit with a certain
size of wire, it is evident that, by installing another wire of the
same size in parallel with the first, the loss would be reduced to
25 kilowatts, for, as the resistance has been halved, the loss
would be halved. The question which the engineer must decide
is: Would it pay to double the amount of copper in the line to
save this 25 kilowatts? Now if the 25 kilowatts saved can be
sold for a price which will yield something more than the interest
on the cost of the additional copper required to save it, plus the
extra cost of construction, then the investment might be wise.
Seldom, however, can a transmission problem be reduced to such
a basis. Usually there is some reserve in the capacity of the
generating station so that the limit has not been so closely
approached as to warrant the investment of any considerable
additional amount of money in the transmission line. Further-
more, it is doubtful if a market for the power so saved could be
found.

There are many factors which enter into the determination
of a suitable percentage of loss to allow in a transmission line.

Three things must be considered:

First, the amount of power to be transmitted.

391
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Second, the length of the transmission line.

Third, the voltage of transmission.

A considerable technical knowledge is necessary to intelligently
decide what the per cent of loss should be in a given case In
general it may be said that the per cent loss may be increased
with the length of the line and decreased with the voltage em-
ployed. For a given distance and voltage the per cent loss
will, under certain conditions, be greater with large powers than
with small powers.

The diversity factor of the load may also influence the per-
missible loss in the line. The diversity factor is the ratio of the
sum of the maximum power demands of the subdivisions of any
system or parts of a system to the maximum demand of the
whole system or of the part of the system under consideration,
measured at the point of supply.

Thus an industrial load of 1,000 K.W. and a lighting load of
1,000 K.W. might be supplied from the same station. As the
industrial load would be required only in the daytime and the
lighting load only at night, the copper for the transmission line
from the generating station need only be sufficient to supply
1,000 K.W. instead of 2,000 K.W. The diversity factor in this
case would be 50%. It refers to the maximum percentage of the
connected load which may be demanded at any one time during
the day. The problem of regulation is involved in the loss which
isassigned. With no load the voltage at the receiving end will
always be the same as that at the transmitting end. If the loss
be fixed at 109}, it follows that, when full load is applied, the full
loss of 10¢; will be encountered. This means that lamps and
motors will suffer a drop in potential varying with different con-
ditions of {oad from nothing up to the full 109;. Ten per cent
change in lamp potential is very objectionable. Hence provision
must be made for either automatic or hand-regulating devices for
holding the potential uniform within reasonable limits at the
load. Low-tension distributing networks will involve a loss
of from 5 to 109 between the source of direct-current power and
the distributing centers. In house wiring the loss in the mains
entering the buildings may vary from 3 to 59;. The loss on
the branch lines is usually 1C;. These losses may total 10 or
159 from the source of direct current to the lamps.

When long-distance transmission lines are employed, the loss



Transmission of Power 393

will seldom be less than 59, and seldom greater than 159, on
even the longest lines.

Circular Mil Formula for Copper Wire.—If a current of 10
amperes flows through a circuit shown in Fig. 1005, having an
unknown resistance, and the potential drop across the terminals
is found to be 50 volts, the resistance of this circuit may be
expressed by the equation:

E _ 50 _
= R. 0= 5 ohms.
Another expression for the resistance of the circuit can be

obtained as follows:
10.6 X l.

cm.

R =
Where:

10.6 = the specific resistance of one foot of copper wire having
one circular mil cross-section.

I = the length in feet of the circuit.
c.m. = the circular_mils cross-section.
10 I '
L
T )
SOE
—l S >

Fig. 1025

Thus if the complete circuit were 500 feet in length and the
wire had a cross-section of 1,060 circular mils, the equation

would be
10.6 X 500

__1.—066— = 5 ohms.

As these are both expressions for the resistance of a wire, the -
two equations may be combined thus:

106 X1 _ E

I

c.m.
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Transposing this expression for the value of the circular mils
gives
10,6 X I X I _
— 5 =

Now substituting D for the distance one way between the source
and the load in place of ! and increasing the constant 10.6 to

LB

cm.

AT
A

3 '
c

=

2

11 to allow for increase in temperature and added resistance
due to connections in the circuit, the expression becomes

MX2XDXI_  _2XDXI_
E m. E = cm.

This is a standard equation for determining the size of wire for
transmitting any direct current any distance with a given
number of volts lost in the line.

Branch lines in houses are not usually more than 100 feet in
length and are not permitted to carry over 660 watts. With this
amount of power distributed on these circuits the loss in poten-
tial will rarely exceed one volt when using the smallest size
wire permitted by the National Code, which is No. 14. It is
therefore unnecessary to make a calculation to determine the

FiaG. 1026.

~, 7™
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size of wire for branch lines, for the minimum size permitted is
rarely less than a safe size. The length of mains in ordinary
residences is usually so short that No. 10 or 12 wire will be amply
large in the majority of cases without any calculation.

A check, however, should be made to be sure that the number
of amperes assigned to the mains in any case does not exceed
the safe carrying capacity prescribed for such wires in the Na-
tional Code.

In wiring apartment houses, hotels, department stores and
office buildings, the size of wire for branch lines and occasionally
for mains may also be assigned in the same way as above. The
feeder, however, which extends from a power plant, P, in the
basement, as in Fig. 1026, to the center of distribution A,
approximately midway between the top and bottom of the
building, must be calculated with a prescribed loss of from 2 to
59, according to the load and the distance. The subfeeders
which extend upward to B and downward to C should be suffi-

ciently large to prevent the loss of more than 1 or 2 volts in each
direction.

F1G. 1027.—Required, the size of wire to deliver 300
40-watt, 110-volt lamps, 500 feet, with 67; line loss.

A practical application of the above established formula will
now be considered. Let it be required to deliver, at the point
A, sufficient current to supply 300, 40-watt, 110-volt lamps from
the power plant, P, the distance being 500 feet with an allowance
of 6% for loss in the line. The circuit will be as represented in
Fig. 1027. First the total current must be ascertained. This
is found by multiplying the total number of lamps by the watts
per lamp and dividing by the voltage at the lamps. Thus:

LXP 300 X 40
5= I = o - 109 amperes.

1009, represents the voltage at the generator.
69, is to be the loss in the line.
949, of the generator’s voltage will reach the load and this
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should be 110 volts. Therefore 110 = 117 volts at the gener-

949,
ator. Deducting 110 volts at the lamps leaves 7 volts, which will

be the actual loss in the line. Applying the formula to determine
the size of the wire:

22 X I XD _ 22 X109 X 500

5 Z = 171,300 circular mils.

The size of wire called for usually falls between two. gauge
numbers. A safe rule is to take the next size larger wire. This,
however, would often involve an unnecessary waste of copper.
No. 0000 is considerably too large. In many instances it is entirely
practical to take the next size smaller wire. This, however,
would involve a somewhat larger number of volts lost. If, in
the preceding case, No. 000 wire, which has 168,000 c.m., is
substituted in the equation for the 7 volts lost, the quotient ob-
tained would show the actual voltage lost with this slightly
smaller wire.

Nothing but considerable experience will enable one to judge
as to the most suitable loss to allow in a given case. If the pre-
scribed loss is high, the copper required will be small. If the
prescribed loss is low, the copper required will be great. Care
should always be taken to check the size of wire called for in
any case for interior wiring with the table giving the safe carrying
capacity of wires in the National Electrical Code, and if this
safe limit has been exceeded a smaller loss must be prescribed.

F1G6. 1028.—Required, the size of wire to deliver 500
40-watt, 110-volt lamps, 400 feet, 120 volts at generator.

Sometimes the voltage is specified at the generating plant
and also at the load, in which case the loss in the line which may
be permitted can be determined by simply subtracting the
received voltage from the generated volts. Consider a case in
Fig. 1028, where 500, 40-watt, 110-volt lamps are to be operated
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at a distance of 400 feet from a 120-volt generator. Obviously
the loss in the line will be 120 volts minus 110 volts, or 10 volts.
The current required by the lamps will be

LXP _ 50040

= = 110 = 182 amperes.
Applying the formula
ZXIXD _ o = XX _ 450000 cm.

This is just a little less than the cross-section of a No. 000 wire,
which will be of suitable size.

F1G. 1029.—Required, the size of wire to deliver 600
40-watt, 110-volt lamps, 800 feet, on the three-wire
system, 236 volts at generator.

Next consider the application of the same formula to a three-
wire circuit. Let it be required to supply 600 40-watt, 110-
volt lamps at a distance of 800 feet from the generators, which
supply 236 volts, Fig. 1029. The loss in the line is obviously
236 volts at the generator, minus 220 volts at the load, which
equals 16 volts. Power is transmitted on a three-wire system
at 220 volts instead of 110. Hence the current required will be

LXP _ 600 X 40

Applying the formula:
BXIXD o om = ZXIR X0 - 120,000 e,

This will be the required cross-section for the positive and nega-
tive wires. The neutral wire in all such circuits where the load
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is to be delivered at the end of the transmission line may safely
120,000 _

3 =
60,000 c.m. for the neutral wire. = The B. & S. gauge correspond-
ing will be No. 00 for the outside wires and No. 2 for the neutral.

It has been previously stated that the economy of a trans-
mission line varies as the square of the voltage impressed. The
foregoing formula may be used to prove this fact very clearly.
Thus, let it be required to deliver 20,000 watts a distance of
5,000 feet with a loss of 59, in the line. First let the transmission
.be at 200 volts with 100 amperes. 5%, of 200 volts equals 10
volts to be lost in the line. Applying the formula

22 X I XD _ 22X 100X 5,000
E 10

be made one-half the size of the outside wires. Thus

= 1,100,000 c.m.

Next consider the transmission of the same power the same
distance with the same per cent loss but at 2,000 volts and
therefore requiring only 10 amperes. 59, of 2,000 volts equals
100 volts lost in the line.

2XIXD_ __ _ 22X 10XS5000
E m 100

= 11,000 c.m.

It will be observed that, in this case, the result of making the
transmitting voltage 10 times as great has been to reduce the
current required to 1/10 of the former amount and increase the
actual voltage lost to 10 times the former amount. This reduces
the numerator in the equation to 1/10 its former value and in-
creases the denominator 10 times. The quotient is therefore
1/100 the amount obtained in the first case. Thus, increasing
the voltage of transmission for a given amount of power to 10
times the initial value reduces the copper required to 1/100.

Circular Mil Formula for Aluminum Wire.—The circular mil
formula may be adapted for finding the size of wire of any
material by substituting for the constant 22, which is the resist-
ance of one circuit foot of copper of one circular mil cross-section,
the resistance of one circuit foot of any other conductor of one
circular mil cross-section. The cross-section of an aluminum
wire must bear the relation of 159 to 100 when compared with
copper wire. Therefore the circular mils of an aluminum wire
must be 1.59 times the circular mils of a copper wire of equal
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conductivity. Therefore the constant 22 may be multiplied by
1.59, which will give 35. The formula for obtaining the size of an
aluminum wire for any installation will then be:

33X I XD .

—F — —eom aluminum.

Weight Formula for Copper Wire.—It so happens that 1,000
feet of copper wire of 1,000 c.m. cross-section weighs 3 pounds.
. . . L 22X IXD
If, then, in the equation for circular miis, — 5 =cm,
3 be placed in the numerator and 1,000 in the denominator, the
quotient will be the ‘“‘pounds per thousand feet” instead of the

circular mils. Thus

3X22XIXD
1,000 X E

By writing the distance one way, in ‘“‘thousands of feet,” as
Dm in place of D, and by combining the two constants in the

numerator, the expression becomes 66_X_IEX_Dm = pounds per

= pounds per thousand feet.

thousand feet. If this expression for the weight in pounds per
thousand feet is multiplied by Dm, which is the distance one
way from the generator to the load, and again by 2, to give the
total distance out and back, the result will be an expression for
the total weight of copper for the entire circuit. Thus

2
&__X%XDm X Dm X 2= 132><IE><Dm = total num-
ber of pounds required.

B. & S. Gauge Formula for Copper Wire.—A simpler formula
for determining the size of wire for direct-current installations
which obviates the necessity for referring to a wire table to find
the gauge number corresponding to a given circular milage is as
follows:

IXD_,  K_
S K. 16 = pounds per thousand feet.
Where: I = current in amperes.

D = distance one way to load.
E = volts lost in line.

K = gauge number factor.

16 = constant.
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As an example of the application of this formula, consider the
determination of the size of wire required to transmit power to a
12-ampere, 220-volt motor, situated 1,500 feet away from a 230-
volt generator. The loss in the line will be 230 minus 220 or
10 volts. Applying the formula

IX D _ 12X1500
E 10

= 1,800 gauge number factor.

The corresponding gauge number may be found in the accom-
panying table:

Size of wire K Size of wire K
B. & S. gauge B. & S. gauge
0000 10,400 } 6 1,300
000 8,000 | 7 1,000
00 6,400 8 800
0 5,200 9 650
1 4,000 10 500
2 3,200 11 400
3 2,600) 12 325
4 2,0001 13 250
5 1,600 14 200

The nearest size wire corresponding to a factor of 1,800 is
No. 4, which has a factor of 2,000. This factor happens to be
the weight of copper in ounces per one thousand feet. To find

the weight in pounds apply the formula K = pounds per thou-

" 16
2,000

16
distance one way is 1,500 feet. The total length required out and
back is D times 2 or 3,000 feet. In this case the total weight
will be 125 pounds per thousand feet, times 3, or 375 pounds.
If bare copper costs 20 cents per pound, the total cost for the

installation would be $75.

A study of the table will show that the combination upon
which the factors are based can be very easily remembered.
These factors are proportional, in round numbers, to the circular

"mils. In fact any constant multiplied by 22 will be approxi-

sand feet. Thus

= 125 pounds per thousand feet. The
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mately the circular milage of the corresponding wire. Starting
with any particular factor and going up toward the larger sizes,
it will be observed that the factor for every third size is halved.
By remembering the factor for three gauge numbers such as
numbers 3, 4 and 5*, it is a simple matter to build the table up or
down toward the size of the particular wire called for in the cal-
culation. The formula is so easily remembered and the rela-
tion between the factors so simple that one can readily carry the
entire combination in the head and make calculations for interior
wiring with very satisfactory results without any other source
-of information.

As the size of wire called for usually falls between two gauge
numbers, it is often necessary to take a wire either too large
or too small. A little study of the table will show, however, that
a combination of two or more wires of the same or different sizes
will often give the exact cross-section required. Thus in the
preceding example, a No. 7 having a factor of 1,000, and a No.
8 with a factor of 800, would have an aggregate carrying capacity
equal to the sum of these two, which equals the 1,800 factor
called for in the problem. While it would not be desirable to
use two insulated wires tied together in parallel for inside wiring,
a bare No. 7 and No. 8 could be very readily tied to the same
pin in an outside line in place of a No. 4. This combining of
wires of various sizes can be carried out as far as desired; thus ten
No. 8 wires, having a factor of 800, would have an aggregate
capacity of one No. 000, whose factor is 10 times 800 or 8,000,
while four No. 7 wires, with a factor of 1,000, would equal a
No. 1, whose factor is 4,000.

SECTION XIX CHAPTER II1
TRANSMISSION OF POWER
CALCULATION OF TRANSMISSION LINES

1. How much power should be lost in heat in a transmission line?

2. What three factors enter into the determination of a suitable loss
to allow in a transmission line?

3. What is the “diversity factor” in a power load? How does it in-
fluence the permissible loss in a transmission line?

4. What effect has the per cent of loss allowed in the line, upon the

qulation of the system and the range of voltage to which the lamps

motors may be subjected under variation in load?
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5. Required: The size of wire to deliver 200 40-watt, 110-volt lamps,
400 feet, with 5 per cent of the generated voltage lost in the line.

6. Required: The size of wire in circular mils to deliver 400, 40-watt,
110-volt lamps, 300 feet, with 6 per cent of the generated voltage lost in
the line. .

7. Required: The size of wire to deliver 350 40-watt, 110-volt lamps,
500 feet, with 118 volts at generator.

8. Required: The size of wire to deliver 275 40-watt, 112-volt lamps
300 feet, with 116 volts at generator.

9. Required: The size of wire in circular mils for positive, negative
and neutral to deliver 500 40-watt, 110-volt lamps 1,000 feet on the three-
wire system, with 238 volts at the generator?

10. Required: The size of wire in circular mils for positive, negative
and neutral to deliver 300 40-watt, 110-volt lamps, 750 feet on the three-
wire system, 234 volts at the generator.

11. Required: The size of aluminum wire in circular mils to transmit
200 k.w. under a pressure of 2,000 volts at the power station, a distance
of 5,000 feet with a loss of 10 per cent of the generated voltage in the
" transmission line.

12. Required: The size of copper wire, B. & S. gauge, by the constant
table to transmit 16 amperes to a 500-volt motor 5,000 feet away from
a railway generator delivering 550 volts.

13. Required: The size of copper wire, B. & S. gauge, by the constant
table to deliver 250 40-watt, 110-volt lamps, 350 feet from the generator;
allow 5 per cent of generated voltage to be lost in the line.

14. Required: The size of positive, negative and neutral wires, B. &
S. gauge by the constant table to deliver 450 40-watt, 110-volt lamps
800 feet on the three-wirc system, 235 volts at the generator.



SECTION XIX CHAPTER 1V
TRANSMISSION OF POWER
ALTERNATING-CURRENT TRANSMISSION

It is more difficult to calculate the size of wire for alternating
current than for direct current installations for the following
reasons: With direct-current, a certain loss is prescribed. If
the calculated size of wire is used, the stated loss will occur.

In an A.C. transmission a certain loss may be prescribed, but
that loss is the ohmic drop only. The transmission line will
involve a reactive drop in addition, which depends upon the
current, the size of the wires and the spacing between them.
As the reactive drop cannot be ascertained until the size of wire
is known, and as the size of wire necessary cannot be determined
without knowing the total drop which is to occur therein, the
difficulties encountered can be readily appreciated.

Furthermore, in a direct-current system, the amount of current
required to deliver a given power at fixed voltage is always the
same. In an A.C. transmission the current required increases
as the power factor decreases.

In a D.C. transmission the total voltage lost in the line deter-
mines the power lost in the line and the voltage lost measures
the regulation. In an A.C. transmission the energy lost in the
line is determined by its resistance while the regulation of the
line is determined by the impedance drop which is the vector
sum of the resistance drop and the reactive drop.

Single-Phase Calculation.—In the following problems these
factors will be taken into account and the various methods of
approaching different problems will be considered in detail.
In the first place assume a transmission line in which the following
data is given:

Power at the load, 5,000 K.W.
Distance of transmission, 20 miles.
Nominal line voltage, 33,000.
Frequency, 60 cycles.

Power factor of the load, 859%.
403
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Line loss, 109, of watts generated.
Spacing of wires, 48 inches between centers.
Assumed voltage regulation, 199,.

The voltage stated is the nominal voltage at the source which
will fall from this value at the receiving end. The regulation
that is assumed is arbitrarily established and can be subse-
quently altered if the calculations do not bear out the assumed
value. The layout is as shown in Fig. 1009. The alternator
generates 6,600 or 11,000 volts and by means of raising trans-
formers, T, delivers approximately 33,000 volts.

ol 1

F16. 1030.—Required, the size of wire to deliver 5,000 K.W., 20
miles with 109, lme loss. power factor 85%, frequency 60 cycles,
nominal voltage of transmission 33,000; spacing between wires 48",

Calculation:
Volts at receiving end of line = i‘;—@- = 27,740 volts.
. P o 5,000,000
Amperes per wire = - 3 = 1 = 777a0%x 0.8

212 amperes.

Ten per cent of 5,000 K.W. equals 500 K.W. This is the loss
in terms of delivered power. Dividing this amount by 0.90

gives the loss in terms of generated power. Thus 309% = 556
K.W. Dividing this amount by 2 gives 278 K.W. lost in each
wire,

I!R = P (lost) % = R (for one wire).

27281'(2)?0 = 6.18 ohms resistance for 20 miles.
% = 0.309 ohm per mile.
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From the following table No. 000 wire will be found to possess
a resistance of 0.336 ohm per mile. The resistance for 20 miles
is 0.336 X 20 = 6.72 ohms.

RESISTANCE IN OHMS PER MILE FOR COPPER AND ALUMINUM WIRE.
ALUMINUM 619, CONDUCTIVITY

Aluminum Resistance Size equivalent
c.m. at 68° F. copper, 979%, cond.
795,500 0.1127 500,000 c.m.
715,500 0.1254 450,000
636,000 0.1409 400,000
556,500 0.1611 350,000
477,000 0.1879 300,000
397,500 0.2253 250,000
336,420 0.2667 No. 0000 B. & S.
266,800 0.3360 000
211,950 0.4229 00
167,800 0.5342 0
133,220 0.6720 1
105,530 0.8486 2
83,840 1.071 3
66,370 1.350 4
52,630 1.703 5
41,740 2.147 6

From the following table the reactance of No. 000 is found to
be 0.692 ohm per mile for a spacing of 48 inches between wires
at a frequency of 60 cycles.

The reactance for 20 miles in 0.692 X 20 = 13.84 ohms.

In the following formulas the voltage at the generator is
estimated by combining the energy and wattless components of
the voltage at the load and adding these vectorily with the
energy and wattless components of the voltage lost in the line.
Thus,

Eg = V(Elcos.®+ IR)* + (El sin. & + 1X)?
Where:
Eg = generated volts.
El = received volts.
Cos ¢ X 100 = power factor.
IR = resistance drop.
IX = reactance drop.

Fig. 1031 shows the vector for this calculation. With a
power factor of 859, at the load, the energy component is found
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410 Theoretical and Practical Electrical Engineering

- by multiplying A-C, 27,740 volts, at the receiving end, by 85%,
which gives A-B, which equals 23,579 volts. The wattless com-
ponent B-C is obtained by multiplying A-C, 27,740 volts, by the
sine of ®, which is 0.527, giving B-C, 14,618 volts. To the
received voltage A-C must be added the line drop C-E, to deter-
mine the voltage A-E, which must be supplied by the generator.
The ohmic drop in the line C-D is found by multiplying the line
current, 212 amperes, by the resistance of the line. Each wire
has a resistance of 6.72 ohms. The two wires will therefore

FiGc. 1031.

have a resistance of 13.44 ohms. This resistance multiplied by
212 ampercs gives 2,849 volts ohmic drop. The reactive drop
in the line, D-E, is found by multiplying this same current, 212
amperes, by the total reactance of the circuit. This was 13.84
ohms for one wire or 27.68 ohms for both. This reactance
multiplied by 212 amperes gives 5,868 volts reactive drop.
Substituting these values in the equation gives:

Eg = \((27.740 X 0.85) + (212 X 13.43) +

(27,740 X 0.527) + (212 X 27.68)
Eg = 33,445 volts.

-
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Eg_E_lE-l X 100 = per cent regulation = 33'4437,—74(2)7'740 X

100 = 20.3 per cent regulation.

This checks closely with the assumed 19.0 per cent.

In three-phase calculations it is usual to figure each wire of
the circuit independently as the circuit is not a simple one. By
calculating the voltage of the line from each conductor to an
assumed neutral and substituting this value in the formula
together with the current, resistance and reactance of a single
wire, the problem compares with single-phase calculations as
regards simplicity.

A convenient way of looking at the single-phase calculations
is to remember that the load on the generator consists of two
units, one the line itself and the other the load connected at the
point under consideration. The problem then becomes similar
in solution to two impedances in series. The foregoing example
can be reduced to a calculation of one wire with the result that

VVVYYVVVY

Fic. 1032

the regulation is found to be the same as with two wires. Assume
the return circuit to be grounded, as in Fig. 1032, and the out-
going line to simply involve one-half of the resistance and one-
half the reactance, formerly included in the calculation. The
return wire will be assumed to have zero resistance and reactance.
Applying the formula gives the following result:

Ee = Y80 X 08 F @z X 6,72 +

2
(13,870 X 0.527) + (212 X 13.84)

Eg = 16,690. This is just one-half of 33,445. Using these
values, the regulation is almost exactly 20.3, as before.

In the preceding example the nominal voltage at the source
was assumed. The required voltage at the load was calculated
based upon a resistance loss in the line. To this delivered
voltage the resistance loss and the reactive drop were vectorily
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added. This gave a somewhat larger voltage at the source
than the nominal voltage assumed. It was necessary to assume
a certain regulation, and the actual regulation resulting differed
somewhat from the assumed values.
Three-Phase Calculation.—The calculation of the size of wire
for a three-phase transmission line will now be considered.
Let the requirements of the problem be as follows:
Power at the load, 5,000 h.p.
Distance of transmission, 5 miles.
Volts at the load, 6,600.
Frequency, 60 cycles.
Power factor of the load, 959,.
Watts lost in the line, 109, of watts at generator.
Spacing of wires, 18 inches between centers.
The lay-out of this circuit is shown in Fig. 1033. Here the
voltage at the load is given as a starting point. Based upon a

F16. 1033.—Required, the size of wire to deliver 5,000

h.p. 5 miles with a pressure of 6,600 volts at the load, line

loss 10%, frequency 60 cycles, power factor of the load

95%, spacing between wires 18", .
specified loss of 109, in the line, the size of wire is calculated.
From this size so obtained, the reactive drop combined with the
ohmic drop gives the total drop from which the voltage at the
source is computed and the regulation ascertained. This elim-
inates the necessity of assuming a nominal voltage to begin with
and an approximation of the regulation in the line. The cal-
culation is as follows:

5,000 X 746 = 3,730 K.W. .

37%) = 1,243.3 K.W. per phase.
. ; 6600
Volts from each wire to the necutral = -73— = 3,810 volts.

With 1,243.3 K.W. per phase and the power factor 959, the
amperes per wire will be;
K. W.X 1000 _ 1,243.3 X 1,000
E X cos.® 3,810 X 0.95

= 342 amperes
(approximately).
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If 109, of the generated watts are lost in the line, 909, of the
generated watts must be delivered at the load. The watts at
the station bus will therefore be:

3,730
Go0 = MMAKW.

If 4,144.4 K'W. are delivered to the bus and 3,730 K.W. de-
livered at the load, the watts lost in the line will be the difference
between these two quantities.

4,144.4 — 3,730 = 414.44 K. W. lost in line.

As this loss is equally distributed between three conductors in
the line, the loss per wire will be:

4143'44 - 138.1 K.W.

il

= R.
Therefore: ’
138.1 X 1,000

3422
As the line is 5 miles long, the resistance per mile will be:

%l_t_B = 0.236 ohm.

Referring to the table of resistance of copper wire, page 405,
the nearest commercial size is 250,000 c.m. cable, which has a
resistance of 0.2253 ohm per mile. This is lower than the re-
quired value but will improve the regulation of the line. Using
this size cable, the resistance of a 5-mile line will be:

0.2253 X 5 = 1.1265 ohms.

Referring to the table of inductive reactance on page 406 for
250,000 c.m. cable, spaced 18 inches between centers, the react-
ance is found to be 0.542 ohm per mile for 60 cycles. The total
inductive reactance for the 5-mile line will be:

0.542 X 5 = 2.71 ohms

Using the same fundamental formula as in the preceding problem
and substituting the above values:

= 1.18 ohms, resistance of one wire.

Eg = V(3.810 X 0.95) + (342 X 1.127)’ +

(3,810 X .312) + (342 X 2.71)
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Eg = 4,534 volts generated between the neutral and each line
conductor.

The vector is shown in Fig. 1034, which is in every way similar
to 1010 except that the reactive drop in the line is relatively
greater and the power factor of the load is relatively better.

The volts between line wires at the generator will be:

4,534 X V3 = 7,850 volts.

The regulation of the line expressed in terms of delivered
voltage will be:

Eg — El 7,850 — 6,600
g X 10 = —F¢%%

X 100 = 19%,.

27/ E
o
@
o
o«
PROBLEM No. 2 % :
! i
A S ELCOS$=3620 __ ___ _________ P
B
FiG. 1034.

Three-Phase Calculation for Long Line and High Voltage.—On
short lines at moderate voltages the capacity effect of the circuit
is so small that it may be neglected as a factor in the regulation
of the line. On long lines at high voltages, with a lagging power
factor, the charging current in the line may be sufficient to
slightly improve the power factor. The effect of capacity in
such a circuit will be now considered in a problem. The condi-
tions are as follows:

Three-phase system:

Power at the load, 10,000 K.W.
Distance, 90 miles.

o
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Voltage at the load, 66,000.

Frequency, 25 cycles.

Power factor of the load, 80%,. -

Watts lost in the line, 109, of generated watts.

Spacing of wires, 96 inches between centers.
The lay-out of this circuit is shown in Fig. 1035. The voltage at
the receiving end is given as before, and no adjustment of voltage

t
S 98" 90 MILE 10.000K.W.
9"5,, 10% LOSS 6.000 E
€ P.F.80%

F1G. 1035.—Required, the size of wire to deliver 10,000 K.W. 90 miles,
'66,000 volts at the load, 109, line loss, power factor 809, frequency 25
cycles.

at the source need be assumed in advance. The calculations
are as follows:

!%'00 = 3,333.33 K.W. per phase.
,000
66——— = 38,100 volts to neutral.
V3
K.W.XIOOO_I_3.333.3>< 1,000_]09 15 .
E Xcos.® 38100 X 0.80 - > &mperes per wire.

If 109, of the generated watts is lost in the line, 909, of
the watts at the generator must be delivered at the load.

10 000
0.90

11,111 K.W. generated minus 10,000 K.W. delivered at load
equals 1,111 K.W. lost in the line. As this loss is equally dis-
tributed between three conductors the loss per conductor will be:

I'L;l = 370.3 K.W.

As in the preceding problem, the resistance of each line wire will
be:

= 11,111 K.W. at generator bus.

P _ _ _ 370.3 X 1,000

E= R = 100 152 = 30.9 ohms.
Since the line is 90 miles long, the ohms per mile will be:
309 _ 0 344,

90
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From a table of resistance of copper wire, page 405, the nearest
commercial size is No 000 which has a resistance of 0.336 ohm
per mile.

The resistance of 90 miles of No. 000 wire is:

: 0.336 X 90 = 30.24 ohms.

-— e . e a a v e A= avw PPN ar e
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42,635 volts to the neutral times v3 equals 73,800 volts between

line conductors.

Eg — El _ 73,800 — 66,000
£ X 190 =—"¢g000

X 100 = 11.869, regulation.

The capacity effect in the circuit will now be considered. From
the Standard Handbook or other reference work the charging
current may be found for various size wires with different spac-
ings and different frequencies. The charging current is based
upon these factors and is given in fractions of an ampere per

L7 L]

FiG. 1037.—*7"" line.

mile per hundred thousand volts to the neutral of a three-
phase connection. For a No. 000 wire spaced 96 inches between
centers on a 25-cycle circuit the charging current per mile per
hundred thousand volts to neutral is 0.228 ampere. The total
current will then be:

38,100 _ .
0.288 X 100,000 — 0.08687 ampere per mile.

0.08687 X 90 = 7.818, charging current for the line.

With reference to the capacity of the line the circuit may be
considered as having half of the capacity concentrated at each

1y

Fi6. 1038.—"T"” line.

end as in Fig. 1037. This is called a “x" line. Or it may be
supposed that the entire capacity is concentrated halfway between
the extremities as in Fig. 1038. This is called a “T” line. The
actual charging current will be the same in either case. In thisex-
ample it will be

Z.t23_18 = 3.909 amperes.



418 Theoretical and Practical Electrical Engineering

The correcting effect of this charging current upon the power
factor and the reduction in total current circulating may be
understood from an analysis of vector Fig. 1039. Here the line
current for the load is A-D, differing from the energy component
A-B by the angle &, which is the same as the angle between
A-E and A-F in Fig. 1036. The reactive component of this
current is B-D. The charging current for the line due to the
capacity will be in direct opposition to the reactive component
B-D or D-C. This will reduce the total current required by the

D
9

o

cl =z

3 Ce) I
)

§ J

. 3 |

Icos $ B
FiG. 1039.

circuit from A-D to A-C, and the angle of lag from & to &’
Hence the formula:

Io = V(I X cos ®)* + (I X sin & — Ic)?

Where:

Io = total line amperes.
I = line current without capacity.
I¢ = charging current at the end of the line.
Cos & = power factor.
® = angle of lag.

Substituting:

To = (110 X 0.80)2 + (I X 0.60 — 3.909)
Io = 108.2 amperes.
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It will be observed that the current, which was 109.15 am-
peres originally, is now reduced to 108.2 amperes. The voltage
of the generator may therefore be reduced because a slightly

smaller current is required. The actual voltage now called for
will be:

Eg = Y(38100 X 0.80) ¥ (1082 X 30.23)’ +

(38,100 X 0.60) + (108.2 X 29.07)’
Eg = 42,500 volts to neutral (approx.).

Line volts = 42,500 X V3 = 73,600 as against 73,800 pre-
viously required. The regulation will also be slightly improved
as follows:

73,600 — 66,000
R X 100 = — 66000 X 100 = 11.509, regula-

tion, as against 11.86%, as before.

Thus it will be seen that the capacity of this transmission line
slightly improves the conditions.

If it is desired to bring about a greater correction, the single
transmission wires may be subdivided. It has been found that
if a three-phase transmission line employing solid conductors
arranged with a 10-foot spacing be reconstructed, each of the
three wires being subdivided into three parts, these three smaller
wires being spaced 18 inches apart, the effect would be to halve
the inductance and double the capacity of the transmission
circuit.

It must be understood that there are a number of other factors
which enter into the determination of the actual regulation of a
line. The preceding calculations simply outline the fundamental
considerations involved.
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SECTION XIX CHAPTER IV
TRANSMISSION OF POWER
A.LTERNATING CURRENT TRANSMISSION

1. Required: The size of wire to deliver 3,000 k.w. a distance of
25 miles with a line loss of 10 per cent of the gencrated power. Poweér
factor, 90 per cent; frequency, 60 cycles; ncminal voltage of transmission,
60,000; spacing between wires, 72”. .

2. Required : The size of wire to deliver 3,000 k.w. a distance of 7 miles;
6,300 volts at load ; line loss, 8 per cent of the generated power; 60 cycles;
power factor 93 per cent; spacing between wires, 24 inches.

3. Required: The size of wire to deliver 8,000 k.w. a distance of 100
miles; 70,000 volts at the load; 10 per cent of the generated power to be
lost in the line; power factor, 85 per cent; frequency, 60 cycles. (Neglect
the effect of capacity in the line.)



SECTION XX CHAPTER I
ELECTRIC RAILWAYS
ELECTRIC RAILWAYS; HISTORICAL; GENERAL PLAN

The first suggestion for an electric railway seems to have
originated with Thomas Davenport, a Vermont blacksmith, who
operated a toy motor on a small railway in 1834. In 1851,
Moses G. Farmer operated an electric locomotive in which the
source of power was stationary and current was conveyed to and
from the car by means of the rails. In 1879 Siemens and
Halske exhibited in Berlin a double-reduction motor and used a
third rail for supplying current to the car through a sliding
contact. In this experiment a generator was used for the first
time as the source of power. In 1883 Stephen D. Field and
Thomas A. Edison exhibited an electric locomotive at the
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Fic. 1040.—Elementary circuits for overhead trolley line.

Chicago Railway Exposition. They had two Gramme machines,
one of which was placed on the car as a motor and the other in
a stationary position as a genérator. The electro-motive-force
was 75 volts. They found it necessary to reenforce the rails
with a copper feeder to save power, as the resistance of the
circuit at that low voltage consumed too large a percentage of
the available pressure.

‘In 1886 Lieut. Frank J. Sprague began his experiments on the
New York elevated lines and developed a successful propelling
motor for that system. In 1888 Sprague opened the Richmond,
Va., electric railway system, which was the first electric railway
line operating on a large scale in the country. It included 13

421
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miles of double track, 20 trolley cars, and a power station con-
taining six 40-K.W. generators.

The general scheme of the leectric railway is shown in Fig. 1040.
A compound generator, G, or a rotary converter, supplies current at
between 500 and 600 volts to a system of feeders, A-B-C, which

g

Fi1G. 1041.—Path of current through trolley, controller
and motors.

convey the current to a trolley wire 7. After passing through
the car motors the current returns via the rails R to the generator.
The motors are invariably series wound. Most of the later
types have interpoles in addition to the main poles. Practically
all street-car motors are four-pole machines. The current,

(o)

DOUBLE
REDUCTION

Fi16. 1042.—Double-reduction gears between
motor and car axle.

after passing through the trolley wire F, Fig. 1041, goes down
through the trolley arm 7, and then passes to one of two con-
trollers A, whence it is led through the motors M-M and thence
back by the rails to the generator. The motors are wound for
the trolley voltage and are connected in parallel when operated
at full speed. Provision is made in the controller for a low speed
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by connecting the motors in series, thus dividing the trolley
voltage between them without involving any rheostatic loss.
The early motors were high-speed machines and employed a
double-reduction gear between the shaft of the motor and the
axle of the car as in Fig. 1042. Motors were subsequently
designed for a lower speed so

that the intermediate or counter (o)

shaft was eliminated, the pinion

on the armature shaft engaging SINGLE B
a gear placed directly on the car REDUCTION

axle as in Fig. 1043. This was
followed by an entire elimina-
tion of gears in Fig. 1044. Here g \——]
the armature surrounds the axle
of the car, which revolves with
it. The field structure sur- Fi16. 1043.—Single-reduction gearing
. between motor and car axle.

rounds the armature and is

attached to the running gear so that it may be held in position
while the armature revolves. Obviously the size and weight
of the motor must be increased in direct proportion to the re-
duction in speed; hence the gearless motors were very heavy and
costly. As the design of the transmitting gear was improved
and a housing provided to keep the noise in and the dirt out
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Fic. 1044.—Gearless drive,

and permit of lubrication, the early objection to gear reduc-
tion was largely overcome, and the gearless motor for street
cars was abandoned and the single-reduction motor of Fig. 1043
was adopted as the standard form for strect-car equipment.
This is almost universally used today.

Methods of Feeding.—The system of feeding the trolley most
commonly employed is illustrated in Fig. 1045. It is called the



424 Theoretical and Practical Electrical Engineering

ladder system. From the generator, G, current is led out over
the feeder F, which parallels the trolley T throughout its length.
At intervals of 600 feet, more or-less, depending on the amount
of load and the size of equipment, taps are taken at the points
B-B-B, to connect the feeder to the trolley wire. The feeder is
usually a stranded cable of 250,000 or 500,000 circular mils.
The trolley wire is usually a No. 00 or No. 000 hard drawn copper
or silicon bronze wire of sufficient tensile strength to permit of
being drawn very taut.

In some cases the trolley wire is sectionalized and supplied
with independent feeders and each section directly connected
to the power house. While this is more costly than the ladder
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F1G. 1045.—Ladder-system of feeder and trolley wires.

system, it permits of disconnecting certain sections of the
trolley in the event of trouble.

Electrolysis.—If a steel rail of 7 to 10 times the cross-section
of the trolley wire is employed for the return circuit, its re-
sistance will be equal thereto. The resistance of the joints on
the rails, however, causes a considerable drop in potential.
As the rails lie on the ground, opportunity is afforded for the
returning current to leave the rail and flow back to the power
station over any parallel conducting circuit. In most cities
the water, sewer and gas mains parallel the tracks and are often
in close proximity thereto. The result is, that the current after
passing from the generating plant out over the trolley, as in Fig.
1046, and then through the car, upon attempting to return, finds
it comparatively easy to leave the rail at the point C and pass
through the moist conducting earth to the pipe line A, thence
returning toward the station. When it reaches the location B
it must leave the pipe line and reenter the rail in order to reach
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its objective point, which is the negative side of the generator
in which it originated. At the point A the pipe line is negative
and no effect is produced. At the point B, however, electrolytic
action is set up because B acts as the anode, D as the cathode, and
the moist earth between as the electrolyte of an electrolytic cell.
The oxygen evolved at B combines with the lead or iron pipe to
dissolve it. If this action is allowed to proceed, the pipe will
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Fi1G6. 1046.—Electrolysis in pipe lines, parallel to rail return of electric
railway circuits.
eventually be dissolved. One ampere of current will dissolve
in this way 70 pounds of lead pipe or 20 pounds of iron pipe
in a year. As modern railways involve currents running up to
thousands of amperes, some idea of the destructive results on
the pipes of a city may be imagined if this action were allowed
to continue. To prevent this, municipal regulations require
that all joints of the rails carrying current for street cars must
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F1G. 1047.—Return feeder and rail bonding to avoid leakage currents.

be thoroughly bonded. This consists in bridging the gap at the
rail joint by a copper bond which is either riveted or preferably
welded to the ends of the rails at B, Fig. 1047. In some cases
the rails themselves are welded together. In addition to this it
is sometimes desirable to run in the ground a negative feeder
of bare copper which is tapped into the various sections of the
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rails, tying them all together in one conducting network of low
resistance as shown at A, Fig. 1047. In this way the tendency
for current to stray into parallel pipes is largely avoided. If
the rails were connected by wires with the pipes, the electrolytic
action would still further be reduced. In some localities the
rails are not permitted to be used as a return circuit at all, but
two trolley wires and two trolley poles are required, the current
flowing out over one and returning through the other. Both
wires are insulated from each other and from the ground by
composition insulators of considerable mechanical strength.
Track Switch.—A form of track switch controlled from the car
by the motorman is shown in Fig. 1048. The point of this
switch is attached to an arm which may be moved into either of
its two extreme positions by means of two solenoids, E and F.
These solenoids are controlled by the motorman, who places the
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Fi1G. 148.—Electro-magnctic track switch controlled from car.

controller in the “on’’ position when the car is on a certain sec-
tion of the trolley wire to operate the switch in one direction
and places it in the ““on” position on another section of the trolley
wire when the switch is to be thrown into the reverse position.
With the controller on, and the car in the position shown, current
from the trolley will pass from A, through the solenoid E, thence
back to the section B and down over C and through the car and
thence back through the rails. The motor current is sufficient
to operate the solenoid and throw the switch, thus allowing the
car to proceed straight ahead. If it is desired to turn off the
main track, the motorman leaves his controller “off”’ and coasts
over the section of trolley B, throwing his controller on when the
trolley pole reaches the section D. Current will then flow from
the section A through the solenoid I and the trolley section D,
thence through the car and back by the rail, moving the switch
so as to divert the car from the main track. In some types
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the switch is held in the normal straight-ahead position by means
of a spring. From this position it is thrown by means of a
solenoid against the tension of the spring and is held in this
position by means of the controller, current being kept on all
the time the car is passing the switch.

Block Signals.—A simple form of block signal for electric
railways is shown in Fig. 1049. Here a car, entering the single-
track section at the point A, must control the block extending to
B so that cars will not enter at either end until the first car
leaves the block. Upon entering this section of the track the
motorman therefore throws the switch S into the position shown,
and current from the trolley wire T passes through the switch at
B, the lamps M, thence through the pilot wire R, and the lamps
L, and the switch at A, and back to the station through the rails
Y. All other cars are thus warned not to enter the block from
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Fi16. 1049.—Simple block-signal system for single-track electric
railway lines.

either end. When reaching the point B, the switch X is thrown
into the dotted position, which extinguishes the lamps. Cars
may now enter the block from either end, the motorman con-
trolling the block by throwing either switch into the alternate
position. The switches are of the three-point variety, by means
of which the lamps at both ends of the block may be turned on
or off from either end regardless of the position of the switch at

the other end.
Car Wiring.—Fig. 1050 shows the arrangement of the wiring

for a car equipped with an overhead trolley. Current passes
down the trolley pole and enters the car at the point A. From
this it passes through a circuit breaker placed over the motor-
man’s head at B and in series with a similar one at the other
end of the car over the conductor’s position at C, thence through
a fuse box under the car at F, and through a lightning arrester at
H, which has a branch with a ground wire for the purpose of
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conducting any current caused by lightning discharge to earth
via the ground wire G. Passing on from the lightning arrester,

the current for the motors is next led through a choke coil
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D, consisting of several turns of heavy wire around a wooden

While this does not offer an appreci-

able opposition to the passage of the direct current for operating

core 2 inches in diameter.
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the motors, it affords an effective barrier to the passage of any
-lightning discharges which are of high frequency. The dis-
charge is therefore backed out and compelled to take the alter-
nate path through the lightning arrester to the ground. The
direct current, after passing through the choke coil, enters the

P16. 1051.—Electrical circuits in Westinghouse railway motor, showing
series-wound armature, main series field and commutating pole field.

cable Y. There are two of these cables extending the length of
the car between the controllers. Cable Y supplies motor No. 2,
and cable X supplies motor No. 1. Both of these cables ter-
minate at the controllers so that both motors may be independ-
ently operated or disconnected from either end. Resistance
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grids, R and S, are employed in series with the motors when
starting, to lower the initial current to a safe value. Current
is taken from behind the circuit breaker B and led through a
combined switch and cut-out, E, which supplies the lighting
circuit. This circuit consists of five lamps in series with any
number of sets in parallel according to the size of the car. There
are usually 10, 15 or 20 lamps in a car. The object in connecting
this circuit behind the motor circuit is in order that the car
may have light in case it becomes necessary to disconnect the
motor circuit for examination or repair of the motors while on
the road at night. \

Motor Equipment.—Street cars employ series motors for two
reasons: '

First, because they have the variable field feature which
automatically changes under variations in load, thus giving the
motor the great torque needed at the start.

Second, and as a result of the first, these motors have a widely
varying speed. The motors are thus enabled to raise the speed

F16. 1052.—Conduit railway system showing conductor bars
for metallic insulated circuit and supporting insulators.

of the car when the load is light, while a heavy load brings about
a reduction in speed, which is accompanied by an increasing
torque until a balance is obtained for any particular load.

Fig. 1051 gives a sectional view of an interpole series motor
for railway purposes. The commutating poles, main poles and
armature are all connected in series.

Conduit System.—Because of the unsightly appearance of
overhead trolley wires and the congested conditions in large
cities, the open-conduit system shown in Fig. 1052 has been
quite generally adopted. Massive iron yokes weighing from
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200 to 400 pounds are placed on edge at intervals of from 3 to
5 feet along the roadway. The rails which carry the car are
bolted to these yokes. The whole is set in cement with a large
conduit, opening through a narrow slot about 34 of an inch wide
in the center between the tracks. Massive insulators A, mounted
in cast-iron bell-shaped supports, are used to carry a bolt B,
to which are attached the conductor bars C and D. These
conductor bars are of steel, with a T cross-section, 2 inches wide
horizontally and 4 inches high vertically. This gives a very
rigid construction mechanically. These conductor bars weigh
approximately 23 pounds to the yard and have a conductivity
corresponding to about 300,000 c.m. of copper. They are
placed about 6 inches apart, far enough back in the conduit to

F1G6. 1053.—Plow and shoes for conduit railway system.

prevent water from dripping through the slot onto them. Travel-
ing between these conductor bars is a plow shown in section
in Fig. 1053. This consists of two cast-iron shoes, A-A, which
are hinged at the point B and held under tension by means of
springs, C. Current leads from each shoe, through a braided
flexible copper conductor D, into the frame of the plow. This
conductor is bare and of such cross-section that it forms a fuse
of last resort, so that in case the circuit breaker on the car
sticks or the main fuse fails to blow, this copper fuse in the
bottom of the plow will give way before the motor burns out.
The current continues through the frame to the conductor E,
surrounded by a taped insulation, up through a slender steel
portion of the plow, designed to pass through the slot and hung
from the running gear of the car. The terminals are attached
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by plug connections to the car circuits and arranged so that they
may be readily separated when it is desired to change the opera-
tion of the car from underground to overhead connections, as is
customary when cars pass from the crowded city sections to
suburban lines. The conductor bars form the positive and
negative termma.ls of the electrical source and are divided into
sections, approximately one-half mile
or one mile in length and supplied
with current through independent
feeders.

Third Rail.—In addition to the pre-
ceding methods of collecting current
for the car or locomotive, the ‘‘third
rail”’ construction may be employed.
This consists of a steel rail mounted
about 6 inches above and 12 inches to
one side of the track rails. An over-
running or under-running shoe, dep-
ending upon whether the rail is

(o — mounted right side up or inverted, is
attached to the trucks of the car and

Fi1G. 1054.—Insulatorand .
support for inverted third- 1S employed to collect the current.
rail for supplying current to These shoes are placed on both sides
cars on the third-rail system. ¢ 4o trucks at both ends of the car,
so that the third rail may be located on either side as may be
most convenient. Fig. 1054 illustrates one form of supporting
arm and insulator for this type of construction.

Resistance of Steel Rails.—The resistance of the carrying rails,
the third rail or the conductor bars of any railway system may be
computed approximately from the following simple formula:

R = 0.848
, w
Where:
R = resistance in ohms per thousand feet.
w = the weight in pounds per yard of steel rails.
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SECTION XX CHAPTER 1
ELECTRIC RAILWAYS
ELECTRICAL RAILWAYS; HISTORICAL; GENERAL PLAN

1. What type of motor is invariably used for electric car propulsion?

2. Explain the general scheme of an overhead trolley system including
generator, trolley wires, track, motors and method of control.

3. What are the relative advantages of single reduction and gearless
motors.

4. Explain the plan, object and advantages of the “ladder” system of
feeding a trolley wire.

S. (a) Explain how ‘“electrolysis” in pipe lines parallel to the rail-
return of trolley systems comes about.

(b) How may it be prevented?

6. Explain the action of the electromagnetic track switch which is
controlled by the motorman from car. Sketch.

7. Sketch and explain a simple block signal system for single track
railway lines.

8. What are the peculiar advantages of series motors for railway work?

9. Explain the method of supplying power to the car in a conduit
railway system. Sketch.

10. What is the general plan of the third-rail system? What are its
advantages? .

l'l. What is the resistance per mile of a steel third-rail weighing 70
pounds - per yard?



SECTION XX CHAPTER 1II
ELECTRIC RAILWAYS
CONTROLLERS

Practically all street car controllers employ the series-parallel
principle designed by Sprague, and can be employed only with
equipments consisting of two or four motors. When starting,
two identical motors are placed in series with each other and
in series with a resistor across the source of supply. This gives
each motor a very low voltage. Sections of the resistor are
gradually short-circuited and the motors brought up to the full
series position without any resistance in circuit. They are then
placed in parallel, and the resistor is again inserted in series.
On this_step a sufficient amount of resistance must be included
in the circuit to prevent too great a jump in speed from the last
series connection to the first multiple connection. Sections of
the resistor are again cut out until the motors come up to the full
multiple position, where they operate at line potential.

This control for motor operation is, in a way, similar to the
three-wire system for lighting. There, it will be remembered,
the current is transmitted at 220 volts and utilized at 110 volts
without rheostatic loss. That is, the three-wire system affords
two fundamental potentials, one just one-half the other. The
same system can be used for the operation of a single motor
giving two fundamental speeds. The series-parallel control
reverses this condition and uses one fundamental potential
divided between two motors. This again gives two fundamental
speeds, one at 250 volts, when the two motors are connected in
series, and the other at 500 volts, when they are in parallel.
The rheostatic losses in acceleration are thus very greatly re-
duced below what they would be, if a single motor were operated
with rheostatic control only.

Types of Controllers.—The General Electric Company has
developed a number of different kinds of controllers based upon
the general scheme devised by Sprague.

K" controllers: These are series-parallel. controllers which
include the shunting or short-circuiting of one motor when
changing from series to parallel combinations.

434
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““L” controllers: This type is a series-parallel controller which
completely opens the power circuit when changing from series
to multiple connections. It was designed especially for large
motor equipments. It has now been superseded by the Type
“M” control.

“R” controllers: These are designed for mine hoists and mine
locomotives and involve rheostatic control only for one or more
motors.

“B” controllers: These may be either rheostatic or series-
parallel but are generally the latter. The distinguishing feature
is that they include connections for the operation of electric
brakes. .

““M” controllers: This involves series-parallel operation, in
which the motors are controlled through the medium of a master
controller which operates a number of electro-magnetic switches
or contactors which are simultaneously controlled in a number
of cars on the multiple-unit system.

““C” controllers: These are small master controllers designed
for operating the magnetic switches in the ‘M’ system of control.

Series-Parallel Control.—One of the oldest forms of controller
was the K-2. This employed the principle of shunting the motor
fields on the last series and last multiple notches. It could be
used also without these shunts. It had nine fixed notches on
the top of the controller, five series and four multiple. It was
designed to handle two 40-horse-power motors. The circuits
were established in the manner shown in Fig. 1055. On the
first notch a section of starting resistance, R, and two motors
are in series across the line. On the second notch a section of
this resistance is short-circuited. On the third notch another
section is short-circuited. On the fourth notch the entire resist-
ance is short-circuited, and the line potential is equally divided
between the two motors. On the fifth notch a shunt resistance,
S, is placed across the motor field windings. This weakens the
fields and yet reduces the total resistance across the line so as to
increase the armature currents. The motors are thus acceler-
ated. Between the fifth and sixth notches a wide gap is pro-
vided in the controller so that short-circuiting may not occur
while changing from series to parallel connections. The first
intermediate notch reintroduces a section of resistance so as to
lower the current in the motors. Next, motor No. 2 is short-
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circuited, the starting resistance checking the rise in current.
Finally, motor No. 2 is removed from under this short circuit. .
As the controller cylinder reaches the sixth notch, motor No. 2
is swung into parallel with motor No. 1, and the current of motor
No. 1is divided between the two. On the seventh notch another
portion of the starting resistance is short-circuited. On the
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FiG. 1055.—Various combinations of motors and resistors
effccted by the type K-2 General Electric series-parallel con-
trolier.

eighth notch it is all short-circuited, and on the ninth notch
the fields are again shunted.

The K-9 controller superseded the old A-2. It did not use
the field shunts and thereby eliminated two contact fingers on
the power cyclinder required for operating the shunt resistances.
It had, however, one finger for an additional series resistance,
there being four sections of the starting resistance in this type.
It was adapted for two 40-horse-power motors and employed
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F16. 1056.—Modern, type K-35, form GR 2, series-parallel controller built
by the General Electric Company.
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only two running positions, namely, the full series and full shunt,
while the K-2 controller with the shunts gave four running posi-
tions. This type has also been superseded by a later design, the
K-35 illustrated in Fig. 1056, which accomplishes practically the
same results. There are two cylinders operated by handles
from the top, A, the reverse drum, operated by the handle S,
and E, the power drum, operated by the handle D. These drums
are mechanically interlocking. As A is a reversing switch it
would not do to reverse the current in
the motor when the starting resist-
ance was cut out, therefore the two
drums are mechanically interlocked
so that, if the handle D is “on,” the
handle S is locked so that it cannot
be moved. Likewise, if switch S is
in the “off”” position, D is mechani-
cally locked so that it cannot be
moved. Two motor circuit switches
are provided for cutting out either
motor 1n case of trouble. These
switches control the motors from this
particular controller only. If a motor
1s to be cut out when the car is oper-
ated from the other platform, the
motor circuit switch on that controller
must also be opened.
In interrupting the current on 500-
F16. 1057.—Principle of mag- (o]t circuits the arc established would
netic blowout. . .-
cause short circuiting between contacts
across which a high potential existed, unless special precautions
were taken. This is accomplished by means of powerful blow-out
magnets. It is a well-known fact that an arc cannot be main-
tained in the presence of a powerful magnetic field. This is
because the arc is a flexible conductor. If a current passed
through an arc vapor away from the observer at the point X,
Fig. 1057, a magnetic flux about this path would be created, as
shown by the circle. If this arc were projected through the
path of a powerful magnetic ficld in the direction N-S, the arc
would tend to move in the direction A. As the arc consists of
a very frail path, it is forced violently in this direction and
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almost instantly ruptured. Under favorable conditions an arc
on a 500-volt circuit may be maintained over a gap of 6 or 7
inches. With a powerful magnetic field across the path, such
an arc would be quickly ruptured across a gap 34 of an inch in
length. The magnetic blow-out is essential to the success of a
railway controller where the fingers connecting to opposite sides
of the circuit are in such close proximity to each other. There-
fore the current entering the controller passes through the coils
of powerful electro-magnets, B, Fig. 1056, on its way to the
motors. The resulting flux effectually ruptures all arcs produced
across the contact fingers.

The Type ‘“M” system of control is a series-parallel arrange-
ment through the medium of a master controller, which operates

FiG. 1058.—Cast-iron No. 14 resistor, built by the
Westinghouse Company for railway controllers.
a number of electro-magnetic switches or contactors. The
master controllers for manipulating these switches are designated
by the letter C. One of these was the C-6. It involved a safety
switch consisting of a button which was operated by dépressing
a knob on the top of the handle, so arranged that, if pressure
upon this knob failed, as might occur if a man were disabled at
his post, power would be automatically shut off and the train
would come to a stop. It had five scries and five multiple
notches. The handle was connected to the power cyclinder by
a spiral spring. The rotation of the power cylinder was limited
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by an electro-magnetic lock so that, no matter how fast the
handle was moved, the power cylinder would notch up auto-
matically at a rate which prevented the acceleration exceeding
a certain amount, this amount being determined by the adjust-
ment of the electro-magnetic lock. .

These master controllers are modified somewhat in form to
suit different requirements. Some provide for reversing by mov-
ing the controller handle in an opposite direction instead of by
employing two separate cylinders as in the K controllers. Some
provide for only two series and two multiple notches, the inter-
mediate positions being cared for automatically.

Various Schemes of Acceleration.—The object of the control
apparatus on a street car is to provide for the correct application
of the power in suitable amount for starting, for moving forward
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or backward, for opening the power circuits and the protection
of equipment. It is evident that it would be disastrous to
apply full line current to the motors when just starting. Hence
the introduction of resistance to limit the current.

Series resistors are made of cast-iron grids coated with alu-
minum paint to prevent corrosion. These grids are supported on
iron rods, from which they are insulated by mica tubes. Mica
washers also insulate the grids from each other wherever electrical
separation is required. Fig. 1058 shows a standard No. 14 series
resistor manufactured by the Westinghouse Company.

The controllers and resistors are designed so that with ordi-
nary operation the voltage will increase in a very uniform man-
ner, and the variation of current in the motors will be limited so
that smoother acceleration will result. Fig. 1059 shows how the
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current C-C’ and the voltage on the motor, V-V, change as the
controller is operated through the first five notches. While the
current is increased slightly with each succeeding notch, the
counter e.m.f. due to the rising speed promptly reduces it to the

T

RESISTORS IN SERIES G=
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lower value. For simplicity in calculation the current is assumed
to have an average constant value of I-I’. The voltage on the
motors notches up from V to T’ in steps, but the voltage at
which the current is taken from the trolley is’constant at}T-T".
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FiG. 1061.

The difference between the trolley and motor voltages is ab-
sorbed by the starting resistor.

Three classes of resistor connections are used in starting.
First, with series resistors, all of the resistance is in circuit at
start, and it is gradually short-circuited by sections as illustrated
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in Fig. 1060. The switches which bring about short-circuiting of
the sections are indicated at 1, 2, 3, 4 and 5. When power is
first applied all the switches are open. They are closed con-
secutively as the controller handle is moved up until all are
closed. In this position the motors are operating on full voltage
without resistance in circuit, which is an economical operating
condition.

The second plan is to use parallel resistors as in Fig. 1061.
Here only a part of the resistor is in circuit at start, and addi-
tional sections are connected in paralle]l with the first section
by successive notches until finally the entire resistor is short-
circuited. Switches 1, 2, 3, 4, and 5 bring about this result.

RESISTORS PARTLY IN SERIES
AND PARTLY IN SHUNT

FiG. 1062.

When the last switch is closed the equipment is running at full
line voltage.

The third class of resistor employs combinations of both series
and parallel connections, as in Fig. 1062. The sequence of
operation of the switches in this connection is as follows: On
the first step switch 1 is closed. This puts the entire resistance
in series. Next switch 2 operates, which short-circuits a section
of the resistor. On the third step switches 2 and 3 only are
closed. This places two portions of the resistor in parallel.
On the fourth step switches 2 and 4 are closed. This reduces
the combined resistance of the two sections, while on the fifth
step 1, 2 and 3 are closed and all of the resistance is cut out.

It is essential, in passing from the series to multiple connec-
tions of motors, that the transition shall be effected smoothly

-~ ~
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without possibility of short-circuiting and if possible without
interruption of the application of power.

There are three methods of transition which may be used.
They are known as the Open Circuit method, the Shunting
method, and the Bridging method.

The Open Circuit method consists in opening the power
circuit entirely in passing from series to parallel. This is
illustrated in Fig. 1063, where A shows the last series notch with
the motors in full series and the starting resistance cut out.
B represents the transition where the power line is entirely

Fi1G. 1063.—* Open-circuit’’ method of transition from series
to parallel connections.

opened at two points. C shows the motors thrown in parallel,
the starting resistance being reinserted and the line closed.
The Type L controller employed this method on large equip-
ments. While many of these equipments are still in use, the
plan is obsolete, having been replaced by the Bridging method
used in connection with the Type M system of control.

The Shunting method is illustrated in Fig. 1064. The last
series position is shown at A, and the first step in transition at B.
Here the starting resistance is partially reinserted. In C, motor
No. 2 is short-circuited. In D, motor No. 2 is removed from the
short circuit and in E it is swung in parallel with motor No. 1.
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This is the plan used on the K controller and is suitable for small
and moderate sized equipments. While the power circuit is
not opened in transition, motor No. 1 develops the entire torque,
and motor No. 2 is idle while changing from series to parallel.
This plan also includes the method of series resistors shown in
Fig. 1060.

The Bridging method of transition is illustrated in Fig. 1065.
On the last series notch shown at A, two sections of resistance

T
A
G =T
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B
T
C

Fi1G6. 1064.—"Shunting’’ method of transition from series to
parallel connections.

are shown on open circuit at D and D’. The first step in transi-
tion consists in swinging the armature connection H, in figure
B, around to the point D, which is a preliminary parallel con-
nection.  This does not appreciably alter the potential on this-
motor from that which it originally received through the con-
nection E’-E. At the same time connection R’ is swung around

PN
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to the ground point G, which grounds motor No. 1 without
appreciably altering its potential. In diagram C the bridge
or equalizer E’-E is broken, and the two motors are in parallel
without the power circuit having been interrupted or the current
removed from either motor. Full torque is thus maintained
while in transition. The resistors are then again cut out as when
the motors were first starting in series. This plan is the one com-
monly employed on large equipments such as the New York
subway lines and insures a smooth acceleration while changing
from series to parallel.

T

G
Fi1Gc. 1065.—'‘Bridging'' method of transition from series to
parallel connections.

Field Control

One of the most important improvements in connection with
the control of railways is the varying of the field strength of
motors and thus varying their speed. This is effected by using
motors having a larger number of turns in the field winding than
are ordinarily employed and by arranging the control so that on
certain notches a portion of the field winding is cut out of circuit.
This effects a saving in power consumption and gives a flexibility
of operation in service. It permits the same equipment to be
used in city running, which is at slow speed, and suburban running
at high speeds. It also makes the same equipment adaptable
for local running where there are frequent stops and to limited
running between remote points where there are few stops. This
scheme of control effects a considerable saving in power under
these conditions.
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When the entire field winding is in use the motor can produce
large tractive efforts at slow speeds with a moderate current
input. This enables it to start and accelerate a car very econom-
ically. When a portion of the field winding is cut out, the
characteristics of the motor are modified just as if the gear ratio
had been instantaneously changed.

The use of field control increases the efficiency of the equip-
ment in starting by reducing the resistance loss. In Fig. 1066
the height of A-B and C-D above the base line indicates the
currents taken per car from the trolley in series and parallel
connections respectively without the use of field control. The
area 0-A-B-C-D-E is a measure of the total energy taken from

Uik

Fic. 1066.

the trolley in starting, and the area O-J-B-D-E represents the
actual input to the motors, while the areas, /-A-B and B-C-D,
show the rheostatic losses. If field control is used, the currents
are reduced to F-H and M-L with full field, but on the shunt
field notches, where the field strength is ‘reduced, they are at
B and D. The total energy from the trolley is représented by
the area O-F- H-B-M-L-D-E, while the energy delivered to the
motors is the same as without field control O-J-B-D-E, and the
rheostatic losses are shown by the area J-F-H and B-M-L.
This shows that the rheostatic losses, and therefore the total
energy taken by the car, are reduced by the amount indicated
-in the shaded areas F-A-B-H and M-C-D-L. In various tests
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and reversing field rheostat K. The armature of the generator
G is connected in series with the armatures of the propelling
motors, A-B, the latter two themselves being in parallel.
Consider the motor-generator set operating at full speed and
the field rheostat of the generator in its open position so that
the generator field circuit is broken. Although the generator
armature is being driven at full speed, it is revolving in a field
having no strength and hence produces no volts. If the field
rheostat K is moved so as to place the generator field across the
line and with a resistance in series with the field of ten times the
resistance of the field coils, a slight excitation will result and
perhaps 40 volts will be produced at the brushes. This voltage
will develop a current through the armatures of the driving
motors limited only by the ohmic resistance of this circuit, and
hence at this low voltage a large current will be produced, which
in a field of full strength will cause a torque sufficient to start
the car. The speed of the armature will, of course, be governed
by the counter e.m.f.,, which will be constant as long as the
e.m.f. supplied is constant. If the field of the generator is now
increased by cutting out resistance, the delivered e.m.f. will rise,
and with it the speed of the driving motors. As these armatures
revolve in a field of constant strength, the torque that they
produce will be exactly proportional to the current which they
receive. Thus it will be seen that the speed of the car will
depend upon and be proportional to the e.m.f. supplied by the
power converter, and the torque will be dependent upon the
current supplied by the power converter. Suppose that 60
amperes passes through the armatures A-B and, in the fully
excited fields, develops a sufficient torque to move the load upon
a grade. It is probable that 40 volts from the power converter
would produce this current. Hence by an expenditure of but
2,400 watts in the secondary circuit or a total it"‘ncluding the
allowance for all excitation and transformation losses of not
more than 8 horse power, a fully loaded car could be started.
Under ordinary conditions with series-parallel control, this
same 60 amperes would be required to develop the necessary
torque, but it would have to be drawn under the trolley pressure
of 500 volts and would therefore represent a consumption of
energy of 30,000 watts as against possibly 6,000 watts in this
system. The current from the line in starting the car undef

1
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ordinary conditions by this system would only be about 12
amperes at 500 volts instead of 60 amperes at S00 volts.

In practice the regulating rheostat, which, of course, is exceed-
ingly small because of the small amount of power which it
handles, may be thrown at once from its “‘off”’ position to the
extreme position for full speed. The field magnetism of the
generator rises smoothly, and with it the e.m.f. which causes a
gradual acceleration of the car.

If, while running at full speed, the field of the generator is
weakened by the rheostat K, the applied voltage falls and the
counter e.m.f. of the propelling motors A-B exceeds that of the
generator. The momentum of the car will now be driving the
gearless motors as generators which will supply current to the
former generator operating it as a motor, causing it to drive the
shunt motor as a generator which will raise its counter e.m.f.
above the trolley and thus deliver energy back to the line. This
will act as a brake and smoothly and rapidly bring the car to
rest. By setting the field rheostat at any desired point, a car
on this system may be made to descend a grade at any speed,
regenerative braking being entirely under the control of the
small field rheostat which governs the speed, the braking and the
direction of the car, for it is only necessary to reverse the current
in the field of the generator to reverse the direction of the de-
livered current to the armatures A-B. As the fields of the pro-
pelling motors are of fixed strength and direction, the direction
of the car is reversed whenever the current in the armatures is
reversed. This reversal is effected, however, without any
switches in the circuit of the armatures themselves, being wholly
controlled by the current in the field of the generator through
K. With this system it would not be necessary to equip cars
with more than one-fifth of the present horse power in motors,
as the smaller horse-power equipment is in effect connected to
the trolley through a great gear reduction, and by means of the
field control of the generator the ratio of this gearing is auto-
matically and smoothly changed. One disadvantage of this
system lies in the fact that every car must have an equipment
consisting of a constantly running motor-generator set equal in
capacity to that of the propelling motors which drive the car.
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SECTION XX CHAPTER II
ELECTRIC RAILWAYS
CONTROLLERS

1. (a) Explain the general scheme of series-parallel control for street

railway motors.
(b) What are its advantages and disadvantages?

2. What are the special features involved in the General Electric Type
K controller?

3. What are the special features involved in the General Electric Type
L. controller?

4. What are the special features involved in the General Electric
Type R controller?

5. What are the special features involved in the General Electric Type
B controller?

6. What are the special features involved in the General Electric Type
M control?

7. What are the special features involved in the General Electric Type
C controller?

8. Explain in detail the plan of the K2 controller showing what is
accomplished on each step.

9. Explain in detail the plan of the K35 controller showing wherein
it differs from the K2.

10. (a¢) Explain the principle of the “magnetic blow-out.”

(b) Is it necessary on street-car controllers? Why?

11. In accelerating a car, what three general plans of connecting resist-
ors in circuit may be employed? Explain each.

12. In changing motors from series to parallel connections, what three
methods of transition may be used? Explain each.

13. Explain the method of “field control” employed on certain railway
equipments. When and where is it advantageous?

14. (a) Explain the H-Ward-Leonard system of control for street railway
motors. What are its advantages and disadvantages?



SECTION XX CHAPTER 111
ELECTRIC RAILWAYS
ELECTRIC LOCOMOTIVES

The electric street car has been gradually increased in size
until it has become suitable for high-speed suburban and inter-
urban work operating singly, or a number of cars may be operated
in multiple, or one motor car may haul one or more trailers.
Large size units may be operated as locomotives upon which
no passengers are carried, but equipped with motors of sufficient
power to produce the required draw-bar pull and of sufficient
weight to develop the necessary tractive effort to propel trains
of any size at any desired speed.

Locomotives are of two types: First, those designed for slow
speed operation in freight service usually of great weight, geared
for approximately 20 miles per hour and designed for producing
large tractive efforts. Second, those designed for passenger
service, geared for speeds of 60 to 70 miles per hour with suffi-
cient tractive effort for Pullman trains of maximum size.

With reference to the current supplied they may be either
D. C. or A. C. The first locomotives were designed for D. C.
Voltages of 600, 1,200, 2,400 and 3,000 have been successfully
employed commercially and 5,000 volts has been successfully
used experimentally.

Alternating-current systems have been devised which employ
trolley pressures of 1,000, 6,600, and finally 11,000 volts. For
D. C. service the series-wound motor has invariably been used.
This type of motor has been perfected in single units in sizes
ranging from 40 horse power up to 2,000 horse power. Alternat-
ing-current motors are either of the series-wound commutating
type, similar to the D. C. motor except that the field cores are
laminated, or of the three-phase induction type with wound
rotors.

Electric locomotives have been developed by the cooperation
of the two large locomotive companies and the two large elec-
trical companies. The general Electric Company in coopera-
tion with the American Locomotive Works, and the Westing-
house Electric and Manufacturing Company, in cooperation
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with the Baldwin Locomotive Works, have both developed a
variety of alternating and direct-current locomotives.

Various methods of transmitting the power from the motor to
the axle have been perfected. Fig. 1063 shows the method of
mounting and gearing used in
cars for city and suburban
traffic. The motor M is geared
from a pinion P through a
single reduction.- to the gear
wheel G. The center of grav-
ity is low and the arrange-
ment is entirely satisfactory
in moderate sizes up to equip-

F16. 1068.—Direct geared motor drive; ments‘ of 500 horse power

single reduction. operating at speeds of 40 and
) 50 miles per hour.

Fig. 1069 illustrates the plan employed by the New York,
New Haven and Hartford in the Westinghouse-Baldwin alter-
nating-current locomotives, in the No. 071 type, operating
between New York and New Haven, Conn. The motor M
. is mounted directly over the axle, a pinion, P, on the shaft

engaging a gear, G, which is mounted
‘on a tube or quill, 7, which sur-
rounds the axle but is 2 inches larger

Fi1G. 1069. — Single Fi6. 1070.—Twin
armature gear and armature gear a nd
quill drive. quill drive.

in diameter so as to admit of a vertical play for the spring
supported motor and gears.

Fig. 1070 represents the method of gearing used on some of
the Westinghouse motors of the Chicago, Milwaukee and St.
Paul equipments. Here .the two armatures of the twin-motor
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equipments connect through separate pinions G-G with a gear
wheel W carried on a quill as in the preceding case.

Fig. 1071 represents the plan adopted in the Norfolk and
Western equipment where. two motors, M-M’, engage through
separate pinions on a gear wheel, G, carried on a counter-shaft,

Fi1G. 1071.—Gear and side-rod drive.

the whole being attached to the framework of the locomotive
and therefore spring supported. By means of a crank C on this
counter-shaft, connecting rods R-R transmit the power to
cranks on two driving wheels on the locomotive.

A radical design in locomotive construction is shown in Fig.
1072. This represents the New York Central direct-current

F16. 1072.—Original gearless New York Central 600-volt direct-current
locomotive,

600-volt locomotive which carries four General Electric 550-

horse-power bi-polar gearless motors. The armatures are

carried solidly on the driving axles. The fluxes pass through

all four motors in series magnetically. The air gap is sufficiently
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large to allow the armature to drop out when the body of the
locomotive is jacked up, which makes access in case of repair
extremely simple. These locomotives develop a maximum of
3,000 horse power and weigh 95 tons each, 69 tons of which is
carried on the drivers. They develop a maximum draw-bar
pull of 32,000 pounds and will haul a 500-ton train 60 miles per
hour. An objection to this construction in the first locomotives
of this type was the severe pound on the road bed and the
low center of gravity which causes “nosing.” This tended to

F1G. 1073.—Latest type of 600-volt New York Central gearless locomotive,

built by the General Electric Company.
spread the tracks and derail the train. Fig. 1073 illustrates a
later form of this locomotive with a four-wheel pilot truck
attached at each end. This was found to be an improvement,
as it counteracted the nosing tendency and guided the main
section of the locomotive successfully. The simplicity and
success of this design in practice have warranted its radical
features.

The Westinghouse-Baldwin locomotives designed for the
Pennsylvania Terminal electrification represent another unusual
construction. These locomotives are of 4,000 horse power
designed for direct current at 600 volts. They are 65 feetin
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length, weigh 166 tons, of which 104 tons is carried on the
drivers. They exert a maximum draw-bar pull of 60,000
pounds and are designed for a speed of 70 miles per hour. The
locomotive is built in two sections, each section containing one
2,000-horse-power motor with field control. The motor is
mounted well up in the cab and carries on each end of its arma-
ture a crank, the two cranks being placed at 90° with respect to
each other. The method of drive is shown in Fig. 1074. The
motor M connects from its crank through a connecting rod C,
with a crank on a jack shaft D. This shaft, together with the
motor, is carried on the spring-supported frame of the locomo-
tive, while the driving wheels E and F run rigidly on the track.
Thus while the counter-shaft, ‘D, and the motor may rise and

F1G. 1074.—Plan of side-rod and crank drive employed in the * Pennsylvania"
type of locomotive.

fall vertically through a limited range, they connect rigidly
through the connecting rods G and H, with the cranks on the
driving wheels, and there is sufficient play in the boxes which
carry the bearings for the driving wheels, to admit of the slight
change in radius necessary as the shaft D moves up or down
with respect to the axles of the driving wheels. These drivers
are 68 inches in diameter, while the wheels of the pilot truck
K and L are 36 inches in diameter. Fig. 1075 shows the
appearance of the motors and running gear for this locomotive
without cab. The appearance of the complete locomotive is
shown in Fig. 1076. Fig. 1077 shows one of these locomotives
hauling a passenger train out of the tunnel and about to enter the
Pennsylvania Station in New York City.
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Fi1c. 1075.—Running gear of ' Pennsylvania'’ type direct-current electric
locomotive showing position of the two 2,000-h.p. motors and side-rod
drive.

Fi1G. 1076.—" Pennsylvania’ type of direct-current locomotive designed to
develop 4,000 h.p. at 600 volts, Westinghouse-Baldwin construction.
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Fi16. 1077.—Westinghouse-Baldwin ‘‘ Pennsylvania’ type 600-volt dircct-
current locomotive, hauling Pennsylvania train from tu