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D. C. GENERATORS

Direct current energy and machines are very ex-
tensively used for traction work and certain classes
of industrial power drives.

The principal advantages of D. C. motors are
their very excellent starting torque and wide range
of speed control.-

D. C. motors are excellent for operating certain
classes of machines which are difficult to start under
load, and must be driven at varying speeds, or per-
haps reversed frequently. Their speed can be varied
over a very wide range, both above and below nor-
mal speed.

Many thousands of factories and industrial plants
use electric motors exclusively for driving their
various machines, and in certain classes of this
work D. C. motors are extensively used. They are
made in sizes from %, h. p. to several thousand
horse power each, and are used both for group drive
and individual drive of various machines.

Fig. 1 shows an installation of large D. C. motors
in use in a steel mill. These motors are located in
the power room as shown, and are connected to
shafts extending through the wall at the right, to
drive the great rolls which roll out the hot steel in
the adjoining room.

Fig. 2 shows a smaller motor used for driving a
metal working machine. Where a separate motor
is used for each machine in this manner, it is classed
as individual motor drive. Millions of electric
motors are used in this manner in industrial plants.

For operation of street cars and elevated trains

Fig. 1. This photo shows a group of large D. C. motors in use in a
steel mill. Machines of this type, ranging from several hundred
to several thousand horsepower each, are used in this work.

in cities, and electric railways across the country,
series D. C. motors are extensively used, because
their great starting torque enables them to easily
start a loaded car or train from a standing position,
and quickly bring it up to very high speeds.

Fig. 3 shows a powerful electric locomotive which
is driven by several electric motors of several hun-
dred horse power each.

D. C. motors are commonly made to operate on
voltages of 110, 220, and 440, for industrial service;
and from 250 to 750 volts for railway service.

Elevators in large skyscraper office and store
buildings also use thousands of powerful D. C.
motors, to smoothly start the loaded cars and
swiftly shoot them up or down, ten, forty, or 70
stories as desired.

Here again their good starting torque, smooth-
ness of operation, and accurate control for stopping
exactly at floor levels, make them very desirable.

Fig. 2. Hundreds of thousands of small and medium sized motors are
used to drive individual machines, as shown in this view.

One modern type of elevator equipment uses
direct current motors and what is known as variable
voltage control. The variable voltage for each
elevator motor is supplied by a separate D. C.
generator, which is designed to vary its voltage
as the load on the car varies, thus providing even
speed regulation and extremely smooth starting and
stopping.
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Fig. 3. Electrical locomotives of the above type often use six or eight
powerful D. C. motors to turn their driving wheels,

Fig. 4 shows a large D. C. elevator motor with
its cable drum and magnetic brake attached on the
right hand side.

Because of the extensive use of direct current
for elevators in large buildings, and for traction
purposes, some large cities have their central busi-
ness districts supplied with D. C., and the outlying
districts where the power must be transmitted
farther are supplied with A. C.

Direct current generators are used to supply the
direct current wherever it is extensively used; and
many privately owned power plants use D. C. gen-
erators because of the simplicity of their operation
in parallel, where several are used.

In the operation of D. C. generators the speed at
which they are driven is not as critical as it is with
A. C. generators. Small D. C. generators can be
belt driven; but this is not practical with A. C.
generators, because a slight slip of the belt would
cause their speed to vary, and make trouble in their
parallel operation,

D. C. generators are made in sizes from 60 watts
for automotive use, up to those of several thousand
kilowatts for industrial and railway power plants.
Their voltages range from 6 volts on automotive
generators to 440 volts for industrial purposes; and
on up to 600 and 750 volts for railway work.

The smaller sizes for belt drive operate at speeds
from 300 to 1800 R. P. M., while the larger sizes
which are direct connected to steam, oil, or gas
engines, run at speeds from 60 to 250 R. P. M.

When these generators are driven by direct shaft
connections to reciprocating steam engines, a large
flywheel is usually provided on the same shaft to
produce a more even speed. It will also deliver
power to the generator during suddenly increased

* loads, until the engine governor can respond.

D. C. generators are not so well adapted for direct
connection to steam turbines, because of the very
high speeds of the turbines, and the great stress
these speeds would set up in the commutators and
windings of the generators.

When driven by turbines, they are usually
coupled together by gears. For example a 360 R. P.

M. generator can be driven by a 3600 R. P. M. tur-
bine, through spced reducing gears with a ratio of
10 to 1.

Fig. 5 shows a small D. C. generator driven by a
vertical steam engine. Note the flywheel used to
maintain even speed and voltage, and also note the
commutator and brushes which are in plain view on
this generator.

Fig. 6 shows a larger D. C. generator also driven
by a steam engine; which, in this case, is of the
horizontal type and is located behind the generator.
Note the very large flywheel used on this machine,
and also the commutator and brush rigging on the
left.

Direct current is not much used where the energy
must be transmitted over distances more than one-
half mile to a mile, as it requires high voltage to
transmit large amounts of power over longer dis-
tances; and it is usually not practical to operate D.
C. generators at voltages above 750.

Where large amounts of power are used in a com-
pact area, such as in a large factory, in mines, steel
mills, or densely built up business section of cities,
D. C. finds its greatest use.

Where direct current is desired for use at a con-
siderable distance from the location of the power
plant, alternating current may be used to transmit
the energy at high voltage, to a substation in which
a motor generator set is used to produce D. C.

Fig. 4. This photo shows a D. C. elevator motor with the magnetic
brake on the right end of the cable drum.

Fig. 7 shows a motor generator of this type, con-
sisting of an A. C. motor on the left, driving a D. C.
generator on the right. In this case the two machines
are coupled directly together on the same shaft.

Other common uses for Direct Current are for
electro-plating, electrolytic metal refining, battery
charging, operation of electro-magnets, farm light-
ing plants, and automotive equipment.
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Fig. 5. Small engine-driven D. C. generators of the above type are
used in a great number of privately owned power plants.

D. C. generators for electro-plating and electro-
lytic refining, are made to produce low voltages,
from 6 to 25 volts, and very heavy current of sev-
eral thousand amperes on the larger machines.

Garages use thousands of small motor generators,

to produce D. C. for battery charging; and stores
and plants using large fleets of electric trucks,
charge their batteries with D. C. from larger charg-
ing generators. ‘

Train lighting with the thousands of batteries and
generators for this work is another extensive field
for D. C. equipment.

Many thousands of D. C. farm lighting plants are
in use throughout this country, supplying direct
current at either 32 volts or 110 volts for light and
power on the farms.

Powerful electro-magnets requiring direct cur-
rent for their operation, are used by the thousands
to speed up the handling of iron and steel materials
in industrial plants, railway shops, etc. Fig. 8 shows
a large magnet of this type which is used for lifting
kegs of nails and bolts. This illustration also shows
how the magnetism acts through the wooden kegs,
proving what we have learned in an earlier section—
that magnetism cannot be insulated.
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Fig. 7. Motor generator sets of the above type are very extensively
used for changing A. C, to D. C. The D. C. generator is shown
on the right and is driven by the A. C. motor on the left.

The automotive field is an enormous user of di-
rect current equipment. Each modern automobile
has a complete little power plant of its own, con-
sisting of its D. C. generator, series D. C. starting
motor, battery, lights, ignition coil, horn, etc. Many
millions of D. C. generators and motors are in use
on cars and trucks in this country alone. Fig. @
shows a common type of 8 volt, shunt-wnund, D. C.
automotive generator.

Many powerful busses also use gas electric drive,
having a gasoline engine to drive a D. C. generator,
which in turn supplies current to D. C. mdtors
geared to the axles. This form of drive provides

Fig. 6. This photo shows a large D. C. generator such as used in a great many industrial and railway power plants. Note the large fly wheel which
is used to keep the speed of the generator even and ‘“‘smooth out’ the pulsations produced by the strokes of the engine, N
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Fig. 8. Direct current is used to operate powerful electro-magnets of
the above type for handling metal materials in industrial plants,
warehouses, foundries, and iron yards. Note the manner in which
these kegs of bolts are lifted by the magnet, even though the
wooden heads of the kegs are between the magnet and the metal
to be lifted. In plants where the principal supply of electricity is
alternating current small motor generators are often used to supply
the direct current for magmets of this type.

smoother starting and stopping, greater hill climb-
ing ability, higher speeds on level roads and
eliminates gear shifting. Diesel-Electric trains also
use D. C. generators and motors.

With this great variety of uses for direct current
and D. C. machines you can readily see the value
of making a thorough study of the equipment and
principles covered in this section. The opportuni-
ties open to a trained man are certain to be much
greater if he has a good knowledge of the operation,
care and testing of direct current machines of all
common types.
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Fig. 9. Direct current generators of the above type are used by the
millions on automobiles,

D. C. GENERATORS

It has already been stated in an earlier section,
that D. C. generators and motors are almost exactly
alike in their mechanical construction, and that in
many cases the same machine can be used either as
a motor or a generator, with only slight changes in
the field connections, brush adjustment, etc. This
i1s a very good point to keep in mind while studying
the following material, as many of the points covered
on construction, operation, load ratings, tempera-
tures, etc., will apply to either a motor or a gen-
erator.

1. GENERATOR RATINGS

D. C. generators are always rated in kilowatts, a
unit of electric power with which you are already
familiar. It will be well to recall at this point, how-
ever, that one kilowatt is equal to 1000 watts, and
approximately 1.34 h. p. You will also recall that
the watts or kilowatts consumed in any circuit are
equal to the product of the volts and amperes.
Therefore, with a machine of any given voltage, the
greater the load in K. W, the greater will be
the load in amperes of current carried by the wind-
ings of that machine,

The K. W. rating of a D. C. generator is the power
load that it will carry continuously without exces-
sive heating, sparking, or internal voltage drop.

If a load greater than a machine is designed or
rated for is placed upon it for an extended period,
it will probably give trouble due to one of the three
causes mentioned; and if the overload is very great
and left on too long it will cause the armature
winding to burn out.

Nearly all generators are designed to be able to
carry some overload for short periods without in-
jury to the machine. This is usually from 15 to 25
per cent, for periods not longer than an hour or so.

2. OPERATING TEMPERATURES

The safe temperature rises in electrical machinery
are determined by the temperatures the insulating
materials will withstand without damage. All other
materials in the machine are metals which may be
subjected to quite high temperatures without much
damage.

Of course the higher the temperature of the cop-
per windings the greater their resistance will be, and
the higher will be the losses due to voltage drop in
the machine.
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Ordinary combustible insulations such as silk,
cotton, and paper, should never be subjected to tem-
peratures higher than 212° F. (or 100° C). Mica,
asbestos, and other non-combustible insulations
may be subjected to temperatures as high as 257° F
or 125° C.

In establishing temperature rise ratings for elec-
trical machinery, it is assumed that the temperature
in the rooms where the machines are installed will
never be over 104° F. or 40° C. This gives, for the
ordinary insulations, a permissable rise of 212 —
104, or 108° F. or 60° C. For non-combustible
insulations the permissable rise is 257 — 104, or
153° F. or 85° C.

Ordinary generators and motors are usually guar-
anteed by the manufacturers to operate continu-
ously at full load, without exceeding a temperature
rise of 35° C., 40° C., or 50° C., as the case may be.

The temperatures of machines can be checked by
placing small thermometers in between, or close to,
the ends of their windings. A good general rule to
remember, is that if the hand can be held on the
frame of the machine near the windings without
great discomfort from the heat, the windings are
not dangerously hot.

3. GENERATOR SPEEDS

The speeds at which generators are operated de-
pends upon their size, type of design, and method of
drive. The speed is of course rated in R. P. M.
(revolution per min.) but another expression com-
monly used in referring to the rotating armatures
of electrical machines is the Peripheral Speed. This
refers to the travelling speed of the outside or cir-
cumference of the rotating element, and this sur-
face is commonly known as the Periphery. This
speed is expressed in feet per second or feet per
minute,

The centrifugal force exerted on the armature
conductors or commutator bars depends on the
peripheral speed of the armature or commutator.
This speed, of course, depends on the R. P. M., and
the diameter of the rotating part.

The larger the armature, the farther one of its
conductors will travel in each revolution. When a
coil of a bi-polar, (two pole) machine makes one
revolution, it will have passed through 360 actual
or mechanical degrees and 360 electrical degrees.
But a coil of a six pole machine will only have to
rotate 120 mechanical degrees to pass two poles,
and through 360 electrical degrees.

So we find that with the same flux per pole in the
larger machine as in the two pole one, the same
E. M. F. can be generated at a much lower speed
with the multipolar machine.

Small generators of two or four poles and for
belt drive, have long armatures of small diameter
and may be operated at speeds from 120 to 1800
R. P. M. Larger machines for slower speed drive
by direct connection to the shafts of low speed re-

————

ciprocating engines, may have as many as 24 or
more field poles, and operate at speeds of 60 to 600
R. P. M. Armatures for these lower speed machines
are made shorter in length and much larger in diam-
eter, so their conductors cut through the field flux
at high speeds, even though the R. P. M. of the
armature is low.

The peripheral speeds of armatures not only de-
termine the voltage induced and the stresses on the
coils and commutator bars, but also determine the
wear on brushes and the type of brushes needed, as
will be explained later.

4. TYPES OF DRIVES

Belt driven generators are not much used in large
plants any more because of possible belt slippage,
and the danger of high speed belts. A number of
older plants and many small ones use belt driven
machines, and with fairly satisfactory results if the
proper belts and pulleys are used.

One advantage of small belt driven generators is
that they can be designed for high speeds and are
much lower in cost.

The engine type generator with the large diam-
eter, slow-speed armature, direct connected to the
engine shaft, is more commonly used. Steam en-
gines are a very desirable form of prime mover for
generators, because of their high efficiency, simple
operation, and because they can be operated on the
ordinary steam pressures.

Steam turbines are used to drive D. C. generators
in plants where space is limited, because they are
so small and compact.

Water wheels are used for prime movers where
convenient water power is available. Generators
for water wheel drive may be either low or high
speed type, according to the water pressure and
type of water wheel used.

Fig. 10. An early type of D. C. generator developed by Thomas
Edison. Note the construction of the field g
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5. MECHANICAL CONSTRUCTION OF D. C.
GENERATORS

We have already learned that a generator is a
device used to convert mechanical energy into elec-
trical energy. We also know that the principal
parts of a D. C. generator are its field frame, field
poles, armature, commutator, brushes, bearings, etc.

The purpose of the field poles is to supply a
strong magnetic field or flux, through which the
armature conductors are rotated to generate the
voltage in them.

D. C. generators were the first type commercially
used, and the early types were very simply con-
structed with two large field poles in the shape of a
huge bipolar electro-magnet. The armature was
located between the lower ends of these magnets, as
shown in Fig. 10. This figure shows one of the
early types of Edison generators of 100 K. W. size.
6. FIELD FRAMES :

Modern generators and motors have their field
poles mounted in a circular frame, as shown in Fig.
11. This figure shows a two-pole field frame with
the two large poles mounted on the inside of the

frame. The field coils can be plainly seen on the

poles.

Fig. 11. Field frame of a modern generator or motor. Field coils
located on the poles set up powerful magnetic flux in which the
armature rotates.

The circular frame, in addition to providing a
support for the field poles, also provides a complete
closed path of magnetic material for the flux circuit
between the poles. For this reason the frames are
usually made of soft iron.

For the smaller and medium sized machines, they
are generally cast in one piece with feet or exten-
sions for bolting to a base. The inner surface is
usually machined smooth where the poles are bolted
to it, or in some cases the poles are cast as a part of
the frame. The ends of the frame are machined to
allow the bearing brackets to fit properly.

The frames for larger generators are usually cast
in two pieces for more convenient handling during
installation and repairs. They can be split either
horizontally or vertically. Fig. 12 shows a frame
of this type for an eight-pole machine. Note where
the halves of the frame are joined together and
bolted at each side.

7. FIELD POLES

There may be any equal number of field poles in
a generator or motor frame, according to its size
and speed. These poles are made of soft iron to
keep the magnetic reluctance as low as possible.

The poles can be cast as a part of the frame on
smaller machines, but are usually bolted into the
larger frames. It is very important that they should
fit tight to the frame to prevent unnecessary air
gaps and reluctance in the magnetic circuit.

The ends of the poles which are next to the ar-
mature are usually curved and flared out into what
are called Pole Shoes or Faces. This provides a
more even distribution of the field flux over the
armature core and conductors. These pole shoes
are generally machined to produce an even air gap
between them and the armature core.

Pole shoes are often made of laminated strips to
keep down the induced eddy currents from the flux
of the moving armature conductors. These lamin-
ated pole shoes are then bolted to the field poles.
The machine in Fig. 11 has laminated pole shoes of
this type.

In some large machines the entire field poles are
often laminated for the same reason as the pole
shoes are.

The field coils may be wound with round or
square copper wire or with thin copper strip or

Fig. 12. Field frame for an eight-pole D. c. generator. Note the
manner in which the frame is built in two sections for convenience
when installing and making repairs.
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Fig. 13. This large armature shows the size to which D. C. generators
can be built, An armature of this size would develop several
thousand horsepower.

ribbon. These coils are connected to produce alter-
nate north and south poles around the frame. In

Iig. 12 the connections between the field coils can
be noted.

8. ARMATURES

We have already learned a great deal about this
very important part of D. C, machines, as armature
construction and winding were thoroughly covered
in the preceding section. A few of the points that
are particularly good to keep in mind throughout
the study of D. C. motors and generators will he
briefly reviewed here.

The function of the armature, we know, is to
carry the rotating conductors in its slots and move
these swiftly through the magnetic flux of the field,
in order to generate the voltage in them.

Armature cores are made of thin laminations of
soft iron which are partially insulated from each
other either by a thin coating of oxide which is
formed on their surface when they are being heat
treated or by a thin layer of insulating varnish.
This laminated construction prevents to a great
extent the eddy currents which would otherwise be
induced in the core as it revolves through the field
flux.

The very soft iron and steel in armature cores
and its excellent magnetic properties also greatly
reduce hysteresis loss. Also remember that the
number of turns per coil and the method of con-
necting these coils will determine the voltage that
is induced in a generator armature, or the counter-
voltage in a motor armature.

Fig. 13 shows a very large armature of a D. C.
generator with the commutator on the right. This

view clearly shows the coils in the slots, and the
long risers which extend from the commutator bars
up to these coil ends. This armature and commu-
tator give some idea of the size to which the larger
D. C. generators and motors can be built,

9. COMMUTATORS

A commutator, we already know, is a device used
to rectify or change the alternating E. M. TV, which
is induced in the armature, to a direct E. M. F. or
voltage in the external circuit. A commutator might
also be called a sort of rotating switch which quickly
reverses the connections of the armature coils to
the external circuit as these coils pass from one pole
to the next.

The manner in which the commutators are con-
structed of forged copper bars which are insulated
from each other by mica segments, was covered in
a preceding article under D. C. armatures.

Figs. 14 and 15 show two excellent views of com-
mutators of slightly different types. The smaller
one in Fig. 14 is held together by the ring nut
shown on the right, while the larger one is known
as a “bolted type” commutator, and has bolts which
draw the V-rings tightly into the grooves in the
bars.

10. BRUSHES

The brushes slide on the commutator bars and
deliver the current from a generator winding to the
line; or, in the case of a motor, supply the current
from the line to the winding. Most of these brushes
are made of a mixture of carbon and graphite
molded into blocks of the proper size. While this
material is of fairly high resistance, the very short
length of the brushes doesn’t introduce enough re-
sistance in the circuit to create much loss. The

Fig. 14. The above photo shows an excellent sectional view of a
commutator for a D. C. machine.
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Fig. 15. This view shows ano.her type of commutator in which the
bars are held in place by bolts that are used to draw the clamping
rings tight.

propertics of the carbon and graphite tend to keep
the commutator clean and brightly polished as the
brushes slide on its surface. Some resistance in the
Lrush material is an advantage, as it tends to pre-
vent severe sparking during the period the commu-
tator bars are short circuited. This will be ex-
plained in a later section on brushes.

Jrushes must be of the proper size and material
to carry, without undue heat, the full load currents
of cither a generator or motor. The carrying capaci-
tv of the brushes is a figure generally set by the
manufacturers to indicate the number of amperes
the brush will carry per square inch of cross-sec-
tional area. This figure takes into account the heat
due to overloads, friction, short circuit currents in
the coils, voltage drop at the contact, and the heat
produced by sparking.

Fig. 16 shows two common types of generator
brushes to which are attached Pig Tails of soft
stranded copper. These copper pig-tails are used for
making a secure connection to carry the current
from the brush to the holder and line.

11. BRUSH HOLDERS

Brushes are held firmly in the correct position

with relation to the commutator by placing them

in brush holders. The brush holders in common
commercial use today may be classed under three
general types, called Box Type, Clamp Type, and
Reaction Type.

The box type holder was one of the first to be
developed and used, while the clamp type has been
developed in two forms known as the “swivel” and
“parallel” motion types. I'ig. 17 shows sketches
of these several types of brush holders. The upper
views in each case show the holders assembled on
round studs, while the lower views show them
bolted to rectangular studs.

A brush holder, in addition to providing a box
or clamp to hold the brush in place, also has springs
to hold the brush against the commutator surface
and under the proper tension. Fig. 18 shows a
hox-type brush holder and the springs which apply
the tension on the brush, and the view on the right
shows this brush holder from the opposite side,
mounted in the rocker ring. The requirements of
good brush holders are as follows:

I. To provide means for carrying the current
from the brush to the holder stud, either with a
flexible copper connection or by direct contact be-
tween the brush and the holder. This must be
accomplished without undue heating or sparking
between the brush and holder, as this would result
in a rapid burning and damage to the holders.

2. To provide means for accurately adjusting
the brush on the commutator or ring.

3. To hold the brush firmly at the proper angle.

4. To permit free and quick movement of the
brush in order that it may follow any uneven sur-
face of the commutator or ring.

Fig. 16. Two common types of carbon brushes used for D..C. machines.
Note the flexible copper leads used for connecting ‘them to the
brush holders.

Fig. 17. The sketches on the left
show several common types of
brush holders. At “A” are two
views of box-type holders. “B”
and “C” are known as clamp-type
holders; while “D” is a brush
holder of the reaction-type.
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Fig. 18. Above are shown two box-type brush holders. The one at
the left is simply attached to its holder stud sleeve and springs, while
the one at the right is mounted on the holder stud which is fastened
in a brush rocker arm.

5. To provide a tension spring of such length
or shape that the tension on the worn brush will
be very little less than that on a new brush.

6. To have a brush hammer so constructed that
it will bear directly on the top of the brush and not
give a side push either when the brush is full length
or nearly worn out.

Fig. 19. shows a brush holder of the Reaction
Type, in which the brush is held securely between
the commutator surface and the Brush Hammer
shown on the top in this view. The spring used
with this brush holder is a coiled steel wire and
can be seen on the back of the holder near the
hammer hinge.

Brush holders are generally mounted or attached
to a Rocker Ring by means of holder studs, as
shown in Fig. 20. The holders can usually be ad-
justed on these studs both sidewise and up and
down, to provide the proper spacing and tension.
The purpose of the rocker frame or ring is to allow

Fig. 19. Reaction-type brush holders keep the brush in place by the
pressure of a ‘‘brush hammer”, as shown on top of the brush in
this view,

Fig. 20. Above are shown two brushes in their holders which are
mounted on a brush rocker arm for a four-pole machine. Note
the coil springs by which the brush tension on the commutator
can be adjusted.

<
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Fig. 21. This view shows a complete set of brushes and holders
mounted on the rocker arm, which in turn is fastened in the end
bracket of the machine.

the entire group of brushes to be rotated through
a small arc, so their position can be adjusted for
varying current loads on the machine. This is often
necessary on machines that do not have interpoles
— as will be explained later.

Frequently there are two or more brushes
mounted on each stud, as several small brushes are
more flexible and will fit themselves to uneven com-
mutator surfaces much better than one large brush.
The brush holder studs are, of course, insulated from
the rocker frames by means of fibre washers and
bushings.

'
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Fig. 21 shows six sets of brushes mounted on the
brush holder studs and rocker frame, which in turn
is mounted in the end bracket of the machine.

12. BEARINGS

As previously mentioned, the bearings of motors
and generators are to support the armature prop-
erly centered between the field poles and to allow
it to rotate freely when the machine is in operation.
These bearings are mounted in bearing brackets and
held firmly at the ends of the machine; or, in some
cases, they may be mounted in pedestals which are
separate from the field frame.

These bearings are of two common types, called
sleeve bearings and ball bearings. Roller bearings
are also used in some cases. Sleeve bearings are
made of babbit metal on the medium and larger
sized machines, while bronze is used for very small,
high-speed machines. Bearing metal must always
be of a different grade than that in the shaft, be-

cause two similar metals will rapidly wear away
or eat into each other when they are rubbed to-
gether.

Sleeve-type bearings are commonly oiled by oil
rings or chains which rotate in the oil well and
carry a small amount of oil up on top of the shaft
continuously while it is rotating. In other cases,
on smaller machines, the oil is fed to the shaft by
a cotton wick. Ball and roller bearings are lubri-
cated with a light grade of grease.

A more thorough study of bearings will be given
in a later section. The principal point to remember
at this time in connection with bearings is the im-
portance 'of keeping all bearings properly lubri-
cated with clean oil. There should always be
enough oil to be sure that the bearings are receiv-
ing it; but never oil them excessively and thus
cause an overflow which may run into the winding
and damage their insulation or get on the commu-
tator and destroy its clean, bright surface.

OPERATING PRINCIPLES OF D. C. GENERATORS

We have learned that the E. M. F. or voltage in
a generator is produced by electro-magnetic induc-
tion when the conductors of the armature are ro-
tated through the lines of force of the field.

We also know that the amount of voltage pro-
duced depends on the number of lines of force which
are cut per second. This in turn depends on the
strength of the field, the speed of armature rotation,
and the number of turns or coils in series between
brushes.

The voltage that will be produced by a generator
can be calculated by the formula:

P X @p X Cr X RPM
- 10° X 60 X M.

E

in which:

P = No. of field poles

Op = Total useful flux per pole

Cr = Total No. of inductors on armature

108 = 100,000,000 lines of flux to be cut per sec.

by one conductor

60 = 60 sec. per min.

M = No. of parallel conducting paths between
the + and — brushes.

For example, suppose we have a machine with 4
poles and with 200 armature inductors (conductors)
in four parallel circuits between the brushes. The
machine runs at 1200 R.P.M., and we will assume
that the useful flux per pole is 3,000,000 lines.

4 X 3,000,000 X 200 X 1200
100,000,000 X 60 X 4

You may not need to use this formula often, but

, or 120 volts.

it serves to show what the voltage of generators
depends upon in their design and also to illustrate
the factors of greatest importance. in regulating the
voltage of a generator.

It is an easy matter to determine the direction
of induced voltage in the conductors of a generator
by the use of Fleming’s Right Hand Rule, which
has been previously stated and explained.

The rule is one that you will have a great deal
of use for in connection with generators, so we will
repeat it here.

Place the first finger, thumb and remaining fingers
of the right hand all at right angles to each other.
(See Fig. 22). Let the first finger point in the direc-
tion of magnetic flux from the field poles, the thumb
in the direction of conductor rotation, and the re-
maining fingers will indicate the direction of in-
duced voltage.

This rule can be used either with diagrams or at
the machine to quickly determine the direction of
induced voltage in any conductor, where the direc-
tion of conductor movement and field polarity are
known.

13. MAGNETIC CIRCUIT IN A GENERATOR

The number of conductors in the armature of a
generator usually remains unchanged once it is built,
and while the speed can be varied somewhat, the
machine is generally operated at about the speed
for which it is designed. So we find that the voltage
adjustment or variation during the operation of a
generator will depend largely upon the field
strength. It would be well, therefore, to consider
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more in detail some of the factors upon which this
field strength depends, and also the methods by
which it can be varied.

Every generator or motor has what is called a
Magnetic Circuit. This is the path followed by the
flux of its field poles through the poles themselves,
and through the armature core, and field frame —
as shown in Fig. 23.

USE RIGHT §
HAND FOR
GENERATOR
AND LEFT
HAND FOR
MOTOR."

B

Fig. 22. This figure shows a method of holding the fingers to use
the right-hand rule for determining direction of induced voltage
in generators.

There are always as many magnetic circuits in
a generator as it has poles. That is, a two-pole
generator will have two magnetic circuits. A four-
pole generator four magnetic circuits, etc. These
magnetic paths must be continuous and will com-
plete themselves through air unless iron or steel is
provided. It is advisable, therefore, to have as
much of the magnetic circuit through iron as possi-
ble, in order to reduce the reluctance of the circuit
and increase the strength of the field.

The magnetic paths of commercial generators are
completed through an all-iron or steel path, with
the exception of the air gap between the armature
core and field poles. If this air gap is increased it

Magmnetic Gircuit of 2 Poles.

Fig. 23. The above diagram shows the magnetic circuit or path of
the field flux in a simple two-pole machine.

will weaken the strength of the field and reduce the
generator voltage considerably. .

Fig. 24 shows a sketch of a four-pole generator
frame and the four magnetic circuits which it will
have. It is very easy to dctermine the direction of
flux at any pole of a generator if we know which
ends of the pole are N. and S., and simply remember
the rule that magnetic flux always travels from a
north to a south pole in the external circuit. Exam-
ining Fig. 24 again, we find that the flux from either
north pole divides and half of it goes to each of the
south poles, then through the air gap and armature
core which form the external circuit for the field
poles. The internal circuit from the south pole back
to the north pole is completed through the field
frame. From this we see that each pair of field poles
ol a generator form a sort of horse-shoe magnet.

The area of the field poles and frame must be
great enough to carry the flux without saturation.
For highest efficiency, generators are operated at
field densities considerably less than saturation, and
generally at about 20,000 to 40,000 lines per sq. inch.

Magmnetic Circuit of 4 Poles.

Fig. 24. Magnetic circuits in a four-pole machine. Note the direction
of flux from N. to S. poles in the external circuit and from S.
to N. poles in the internal circuit of the field.

14. FIELD EXCITATION

We know that the strong magnetic field of the
poles in a generator is set up by direct current
flowing through the coils on these iron poles. This
current is called the Field Exciting Current. The
strength of the field will, of course, depend on the
number of turns in the field coils and the amount
of current which is passed through them. So, by
controlling excitation current with a rheostat, we
can readily adjust the strength of the field and the
output voltage of the generator.

Generators arc classed as either Separately Ex-
cited or Self-Excited, according to the manner in
which their coils obtain the exciting current.

A separately excited generator is one that has its
field excited from some source other than its own
armature. This source may be either a storage bat-
tery or another small D.C. generator. Alternating
current cannot be used to excite the field poles of
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either a D.C. or A.C. generator. So alternators are
practically always separately excited by current
from storage batteries or D.C. generators. Sepa-
rately excited D.C. generators are sometimes used
for electro-plating machines and work of this type,
and have their field coils wound for a certain volt-
age. This voltage may range from 6 to 25 for
battery excitation; and from 110 to 220 when ex-
cited from another gencrator.

Fig. 25 shows a sketch of a simple two-pole D.C.
generator which has its field separately excited from
a storage battery. Note the field rheostat which is
provided to vary the field current and the generator
voltage.
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Fig. 25. This diagram shows a simple D. C. generator which has its
field separately excited from a storage battery.

Separalely Excifed Generator

A self-excited generator is one that receives its
field current from its own armature winding. [Fig.
26 shows a sketch of a simple generator of this
type. You will note that the field coils are connected
across the positive and negative brushes of the
armature in parallel with the line and load. The
field will at all times receive a small amount of
D. C. from the armature, whether there is any load
connected to the line or not. Practically all com-
mercial D.C. generators are self-excited.

15. BUILDING UP VOLTAGE IN A
GENERATOR

With a separately excited generator, as soon as
the circuit is closed from the source of direct cur-
rent for the field, the field will be magnetized at full
strength, and the generator voltage will build up
immediately as soon as the machine goes up to full
speed.

A self-excited generator must build up its voltage
more gradually from the small amount of residual
magnetism in the poles when the machine is started.
You will recall that residual magnetism is the mag-
netism which remains in or is retained by the iron
of the field poles even when their current is shut off.
This residual magnetism, of course, produces only
a very weak field.

When the machine is first started up and the
armature conductors begin to cut this weak residual
field, a very low voltage is generated in them. As
the field is connected to the armature this first low
voltage slightly increases the strength of the field.
Then as the conductors cut through this slightly

stronger field a little higher voltage is induced in
them. This increases the field strength still more,
which in turn builds up a greater voltage in the
armature and further increases the field strength.
This continues, and the strength of the field as well
as the armature voltage keep on getting greater,
until the point of Saturation is reached in the field
poles.

The saturation point, you will remember, is when
a magnetic circuit is carrying its maximum practical
load of flux. When this point is reached it would
require a considerable increase of current in the field
coils to make even a small increase in the flux of
the poles. So we find that self-excited generators
build up their voltage gradually from residual mag-
netism as the machine comes up to speed.

Sometimes it may require a few seconds after the
machine has reached full speed for its voltage to
come up to normal value.

16. FAILURE TO BUILD UP VOLTAGE

With self-excited generators, it is, of course, nec-
essary that the flux lines produced by the field coils
be of the same polarity as the residual magnetism
in the iron of the poles. Otherwise, the first low
voltage applied to the field coils would tend to
neutralize the residual magnetism and cause the
generator to fail to build up its voltage. For this
reason, self-excited generators will build up voltage
only when rotated in the proper direction. Gen-
erators may, however, be made to build up voltage
when rotated in the opposite direction by changing
the field connections.
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Fig. 286. This. simple two-pole machine has its field coils self-excited
by connection to its own armature brushes. Note the field rheostat
at F. R., which is used to control the field strength,

After a generator has been idle for quite a period
it sometimes loses its residual magnetism to such
an extent that it will not build up voltage until it
is first separately excited. Some of the causes of
a generator failing to build up voltage are as
follows: Weak or dead residual magnetism, low
speed, poor brush-contact on the commutator, severe
overloads, open field circuits, or high resistance
connections.

Removing the cause of the trouble will usually
start the machine generating, but if it does not a
low voltage storage battery or some other source
of direct current applied to the field coils momen-
tarily and in the proper direction will generally
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cause the machine to promptly build up voltage
again.

On some generators it is necessary to cut out
part or all of the resistance of the field rheostat
before the machines will build up voltage.

17. VOLTAGE ADJUSTMENT AND
REGULATION

When a generator is running at normal speed, its
voltage can be conveniently controlled and adjusted
by means of the field rheostat, as shown in Figs.
25 and 26. On most D.C. generators this adjustment
is made manually by the operator, putting resist-
ance in or out of the field circuit by means of this
rheostat. In some cases automatic voltage regu-
lators are used to control this voltage according
to the load on the machine. This automatic regu-
lating device will be explained later.

The terms “control” and “adjustment” refer to
changes made in the voltage by the operator or
automatic device. The term “voltage regulation”
refers to some change in the voltage which the ma-
chine makes of its own accord as the load is changed
or varied. This change is inherent in the machine
and is determined by its design and construction.

18. NEUTRAL PLANE

The neutral plane in a generator is that point
between adjacent field poles at which the armature
conductors are traveling parallel to the lines of
force, and in a very weak field. Normally, when the
generator is not carrying a load this neutral plane
is half way between adjacent poles of opposite
polarity, as shown in Fig. 27.

Neutral Plane

Normai Neutral Plane
when machine /
1s loaded \
» - e

Current out

Fig. 27. This diagram shows the normal path of flux through the
armature of the generator when the machine is not operating under
load. Note the position of the normal neutral plane and also the
position this plane takes when a machine is loaded.

When the conductors are passing through this
point they do not generate any voltage, as they are
not cutting across the lines of force. It is at this
point that the commutator bars attached to the
conductors usually pass under the brushes, where
they are momentarily short circuited by the
brushes. If the brushes were allowed to short cir-
cuit coils while they were passing through a strong

flux under a pole, and generating appreciable volt-
age, it would cause very severe sparking at the
brushes. So it is important that the brushes be
adjusted properly for this neutral plane.

19. ARMATURE REACTION

In addition to the flux which is set up between
the field poles from their coils and exciting current,
there is also to be considered the flux around the
armature conductors. When a load of any kind is
connected to a generator and its voltage begins
to send current out through the line and load, this
current, of course, flows through the armature con-
ductors of the generator as well.

The greater the load placed on the machine the
greater will be the current in the armature con-
ductors and the stronger will be the flux set up
around them.

Normal neutral Plane

Fig. 28. This sketch shows the magnetic flux set up around the
armature -conductors of the simple two-pole machine when current
is passing through them.

The armature flux is set up at right angles to the
flux of the field poles, and therefore tends to distort
the field flux out of its straight path between poles.
This effect is known as Armature Reaction,

Fig. 28 shows the position of the armature flux

"as it would be when set up by current in the con-

ductors, if there were no field flux to react with it.
In actual operation, however, the armature and
field flux of the generator are more or less mixed
together or combined to produce the distorted field
shown in Fig. 29. Here we see that the lines of force
from the field poles have been shifted slightly out of
their normal path and are crowded over toward
the tips of the poles which lie in the direction of
the rotation of the armature. This causes the field
strength to be somewhat uneven over the pole faces,
and more dense on the side toward which the arma-
ture is rotating.

You will also note that this distortion of the field
has shifted the neutral plane, which must remain at
right angles to the general path of the field flux.

As the armature flux depends on the amount of
current through its conductors, it is evident that
the greater the load on the machine, the greater
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Fig. 29. This view shows the manner in which the magnetic lines
of the field are distorted from their normal path by the effect of
armature reaction. The neutral plane is shifted counter clockwise,
or in the direction of rotation as shown by the dotted line.

will be the armature reaction and field distortion;
and the farther the neutral plane will be shifted
from its original position. So unless a generator
is provided with some means of overcoming the
effect of armature reaction, it will be necessary to
shift the brushes with varying loads in order to
obtain sparkless commutation.

Some machines are provided with commutating
poles or interpoles, as they are sometimes called,
which are placed between the main field-poles to
neutralize this feature of armature reaction and
thereby eliminate the necessity of shifting the
brushes with changes of load. These poles and their
operation will be more fully explained later.

The tendency of the armature flux to distort the
field flux constantly exerts a force in the opposite
direction of rotation and this force is what requires
more power of the prime mover to drive the gen-
erator when its load is increased.

20. ARMATURE RESISTANCE AND I. R.
LOSS
All armature windings offer some resistance to
the flow of the load current through them. While
this resistance is very low and usually only a frac-

tion of an ohm, it nevertheless causes a certain
amount of voltage drop in the internal circuit of
the armature. In other words, a certain small
amount of the generated voltage is used to force
the load current through the resistance of the arma-
ture winding. The greater the load on a generator,
the greater will be the voltage drop through the
armature.

As we know, this voltage drop is always propor-
tional to the product of the amperes and ohms; and
for this reason it is often referred to as I. R. Drop.

We can also determine the watts lost in an arma-
ture, or converted into heat because of its resistance,
by squaring the current and multiplying that by
the resistance, according to the watts law formula.
Therefore, 12 X R will equal the watts lost in an
armature due to its resistance. In which:

I = the load current
R == the resistance of the armature only.

This armature resistance can be measured with
instruments connected to the commutator bars at
the brush locations; or it can be calculated, if we
know the size of the wire, the length of the turns
in the coils, and the number of paths in parallel in
the armature.

21. VOLTAGE DROP IN BRUSHES
AND LINES

There is also a certain amount of voltage drop
at the brushes of a generator which is due to the
resistance of the brushes themselves and also the
resistance of the contact between the brushes and
commutator. This resistance is also very low and
will cause a voltage drop of only about one or two
volts on ordinary machines under normal load.

In addition to the voltage drop encountered in
the generator, we also. have the drop in the line
which leads from the generator to the devices which
use the current produced by the generator.

Knowing that the voltage drop in both the line,
or external circuit, and the generator internal circuit
will vary with the amount of load in amperes, we
can see the desirability and need of some voltage
adjustment or regulation at the generator, to keep
the voltage constant at the devices using the energy.

GENERAL TYPES OF D. C. GENERATORS

Direct current generators can be divided into
several classes, according to their field construction
and connections. They are called respectively:
Shunt Generators, Series Generators, and Com-
pound Generators.

The shunt generator has its field coils connected
in shunt or parallel with the armature, as shown
in Fig. 30-A. Shunt field coils consist of a great
many turns of small wire and have sufficient re-
sistance so that they can be permanently connected
across the brushes and have full armature voltage
applied to them at all times during operation. The

current through these coils is, therefore, determined
by their resistance and the voltage of the armature.

Series generators have their field coils connected
in series with the armature, as shown in Fig. 30-B;
so they carry the full load current. Such coils must,
of course, be wound with heavy wire in order to
carry this current and they usually consist of only
a very few turns.

Compound generators are those which have both
a shunt and series field winding, as shown in Fig.
30-C.
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Fig. 30. *“A’ shows the connections of the field coils for a shunt generator. Note that they are connected in parallel with the brushes and the armature.
“B’ shows the connection of the field coils for a series machine. “C” illustrates the connection of the field coils for a compound generator. Note
that at “C” the shunt coils next to the armature are connected in parallel with the brushes while the series coils on the outside are connected
in series with the brushes.

IFach of these machines has certain characteristics
which are particularly desirable for certain classes
of work, as will be explained in detail in the fol-
lowing paragraphs.

22. SHUNT GENERATORS

Fig. 31 is a simple sketch showing the method of
connecting the field winding of a shunt generator
in parallel with its armature. The field rheostat,
F.R., is connected in series with the shunt field
winding to regulate the field strength, as previously
explained.

It is well to note at this point that, in various
electrical diagrams, coils of windings are commonly
represented by the turns or loops shown for the
shunt field at “F”, while resistance wires or coils
are commonly shown by zigzag lines such as those
used for the rheostat at “F.R.”

LINE

r.R. LOAD

LINE

Fig. 31. This diagram shows the connections of a shunt generator.
The shunt field winding “F’’ is connected in series with the field
rheostat and then across the brushes. Note that this field winding
is also in parallel with the load on the line.

Fig. 32 shows the connections of a shunt genera-
tor as they would appear on the machine itself.
By comparing this diagram with the one in Fig. 31
and tracing the circuits of the field and armatures,
you will find they are connected the same in each
case.

The shunt generator, being a self-excited ma-
chine, will start to build up its voltage from residual
magnetism as soon as the armature commences to
rotate. Then, as the armature develops a small
amount of voltage, this sends some current through

the field, increasing the lines of force and building
up the voltage to full value, as previously explained.
However, if there is a heavy load connected to the
line the shunt generator may refuse to build up its
voltage, as the heavy load current flowing thru
the armature causes a voltage drop thru the arma-
ture and brush resistance and reduces the terminal
or output voltage of the armature. This reduces the
voltage supplied to the field and may weaken the
field enough to prevent the generator from build-
ing up voltage.

23. VOLTAGE CHARACTERISTICS OF
SHUNT GENERATORS

The voltage of the shunt generator will vary
inversely as the load due to the same reason men-
tioned in the preceding article. Increasing the load
causes increased voltage drop in the armature cir-
cuit thus reducing the voltage applied to the field.
This reduces the field strength and thereby reduces
the generator voltage.

If the load on a shunt generator is suddenly
increased, the voltage drop may be quite noticeable;
while, if the load is almost entirely removed, the
voltage may rise considerably. Thus we see that
the voltage regulation of a shunt generator is very
poor, because it doesn’t inherently regulate or main-
tain its voltage at a constant value.

The voltage may be maintained fairly constant
by adjusting the field rheostat, provided the load
variations are not too frequent and too great.

Shunt generators are, therefore, not adapted to
heavy power work but they may be used for incan-
descent lighting or other constant potential devices
where the load variations are not too severe.

Shunt generators are difficult to operate in paral-
lel because they don’t divide the load equally be-
tween them. Due to these disadvantages shunt
generators are very seldom installed in new plants
nowadays, as compound generators are much more
satisfactory for most purposes.

Fig. 33 shows a voltage curve for a shunt genera-
tor and illustrates the manner in which the voltage
of these machines varies inversely with the load.
You will note that at no load the voltage of the
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Shunt Gemnerator

Fig. 32. This sketch shows the wiring and connections of the brushes
and field coils for a four-pole, shunt generator.

generator is normal or maximum, while as the load
in kilowatts increases the generator voltage grad-
ually falls off to a lower and lower value.

24. SERIES GENERATORS

These machines have their field coils connected
in series with the armature and the load, as shown
in Fig. 34. The field winding is usually made of
very heavy wire or strip copper, so that it will carry
the full load current without overheating.

By referring to Fig. 34 we can see that with
no load connected to the line, it would be im-
possible for any current to flow through the series
field and therefore the generator couldn’t build up
voltage. So, in order for a series generator to build
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Fig.33. This curve illustrates the voltage characteristic of a shumt
generator. Note how the voltage drops as the load in kilowatts is
tncreased. Full load in this case is 240 amperes.

up voltage when it is started, we must have some
load connected to the line circuit.

25. VOLTAGE CHARACTERISTIC OF
SERIES GENERATORS

The greater the load connected to such a genera-
tor, the heavier will be the current flowing through
the field winding and the stronger the field flux.
This causes the voltage of a series generator to
vary directly with the load; or to increase as the
load is increased and decrease as the load decreases.
This, you will note, is exactly the opposite charac-
teristic to that of a shunt generator.

As most electrical equipment is to be operated
on constant voltage and is connected to the line in
parallel, series generators are not used for ordinary
power purposes or for incandescent lighting. Their
principal use has been in connection with series arc
lights for street lighting and a number of series
generators are still used for this purpose.

LINE

LINE

Fig. 34. This sketch shows the connections of a serles generator.
The series field at “F” is connected in series with the armature
and the line. Note that no current could flow through this field
if there was no load connected to the line.

With a load of this kind, the current must always
remain at the same value for the series lamps and,
therefore, the generator field and voltage will re-
main fairly constant. You can readily see that a
series generator would be entirely impractical for
ordinary power and light circuits, because, if the
load is decreased by disconnecting some of the de-
vices, the voltage on the rest will drop way below
normal.

26. SERIES FIELD SHUNTS

Fig. 35 shows a curve illustrating the voltage
regulation of a series generator. The voltage of
such machines can be adjusted by the use of a
low-resistance shunt connected in parallel with the
series field coils, as shown in Fig. 36. This figure
shows the connections of a series generator as they
would appear on the machine. By tracing the cir-
cuit you will find that the field coils are connected
in series with the armature and load.

The purpose of the shunt is to divide the load
current, allowing part of it to flow through the
series field and the rest through the shunt. By
varying the resistance of this shunt, we can cause
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Fig.35. This curve shows the voltage characteristic of a series gen-

erator. Note that the voltage increases rapldl‘yl as the load on the

machine is increased up to about full load. Full load in this case is
125 amperes.

more or less of the total load current to flow
through it, thus either weakening or strengthening
the series field.

These shunts are generally made of very low
resistance material, such as copper ribbon or strips
of metal alloy with higher resistance than copper,
in order to make them short in length and compact
in size.

By referring again to the curve in Fig. 35, you
can see that the voltage regulation of a series gen-
erator is also very poor.

27. COMPOUND GENERATORS

The fields of a compound generator are composed
of both shunt and series windings, the two separate
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Fig. 36. Connections of brushes and field coifls of a four-pols, series
generator.

coils being placed on each pole. Fig. 37 shows the
connections of both the series and shunt fields of
a compound generator.

The shunt field is connected in parallel with the
armature and therefore it maintains a fairly con-
stant strength. The series field, being in series with
the armature and load, will have its strength varied
as the load varies. These machines will therefore
have some of the characteristics of both shunt and
series generators.

We have found- that the shunt generator tends
to decrease its voltage as the load increases and
that the series generator increases its voltage with
increases of load. Therefore, by designing a com-
pound generator with the proper proportions of
shunt and series fields, we can build a machine that
will maintain almost constant voltage with any
reasonable variations in load.

The shunt field winding of a compound generator
is usually the main winding and produces by far
the greater portion of the field flux. The series
field windings usually consist of just a few turns,
or enough to strengthen the field to compensate
for the voltage drop in the armature and brushes
as the load increases.
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Fig. 37. This sketch sh the ! of a p generator,
The shunt field is connected across the brushes. The series field
is connected in series with the line.

Compound generators can have the shunt field
strength adjusted by a rheostat in series with the
winding, and may also have a shunt in parallel
with the series field for its adjustment.. The series
field shunt on these machines, however, is not
generally used for making frequent adjustments in
their voltage, but is intended for establishing the
proper adjustment between the series and shunt
field strengths when the generators are placed in
operation.

The variation in the strength of the series field,
which compensates for the voltage drop with vary-
ing load, makes it unnecessary to use the field
rheostat with these machines, as is done with shunt
generators.

Fig. 38 shows the complete connections for the
armature and fields of a compound generator. You
will note that the series winding is composed of
just a few turns of very heavy wire on each pole
and is in series with the armature and line. The
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shunt winding is composed of a far greater number
of turns of small wire and is connected in parallel
with the armature brushes.

By referring back to Fig. 12, you will note the
series coils wound on the poles over or outside of
the shunt winding, which is wound next to the pole
cores.

I
L

To Load

Differential Generator:

Fig. 38, Connections of brushes and field coils for a four-pole, cumula-
tive compound generator. Note that the direction of current
through the series field winding is the same as that through the
shunt coils.

28. CUMULATIVE AND DIFFERENTIAL
COMPOUND GENERATORS

In the type of compound generator which we
have just described the series coils are wound in
the same direction as the shunt coils, so their flux
will aid and strengthen that of the shunt field. They
are therefore known as Cumulative Compound ma-
chines. This name comes from the fact that the
two windings both work together, or add their
fluxes, to build up the total cumulative field.

Some compound generators have the series fields
wound in the opposite direction, so that their flux
opposes that of the shunt field. Such machines are
known as Differential Compound generators. Their
uses will be explained Ilater.

29. FLAT COMPOUND GENERATORS.
VOLTAGE CHARACTERISTICS

When a compound generator has just enough of
series field to compensate for the voltage drop in
its own armature and brushes, and to maintain a
nearly constant voltage from no load to full load
on the generator, it is known as a Flat Compound
machine.

The voltage regulation of such a machine is very
good, as it automatically maintains almost constant
voltage with all normal load variations. Such
machines are very commonly used for supplying
current to general power and light circuits where

the load is not located too far from the generator
and the line drop is small. Fig. 39 shows the
voltage curve of a flat compound generator at F.

30. OVER COMPOUND GENERATORS.
VOLTAGE CHARACTERISTICS

Where the load is located some distance from
the generator or power plant and the line drop is
sufficient to cause considerable reduction of voltage
at the current-consuming devices when the load is
heavy, the generators are commonly equipped with
series field windings large enough to compensate
for this line drop as well as their own armature
and brush voltage drop. Such machines are called
Over Compound generators and are by far the most
common type used in power work.

The voltage of an over compound generator will
increase slightly at the generator terminals with
every increase of load. These voltage increases are
due to the greater number of turns in the series
field winding. Every increase of load increases
the current through these series turns, thereby
strengthening the field enough to actually raise the
voltage a little higher at full load than at no load.

This voltage increase at the generator terminals
makes up for the additional voltage drop in the
line when the load is increased. Therefore, if the
series and shunt fields of such a machine are
properly adjusted, it will maintain a very constant
voltage on the equipment at the end of the line,
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Fig. 39. These curves show the voltage characteristic of a flat compound
generator at ¥, over compound at O, and under compound at U. Full
load in this case is 220 amperes.

The adjustment of the shunt and series fields of
these machines can be made with the usual shunt
field rheostat and series field shunts.

The voltage regulation of an over compound
generator is very good, and for ordinary power
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Compound Generators

purposes they don't require frequent adjustment of
the rheostat or any special voltage regulating equip-
ment, because this regulation is inherent in the
design and operation of the machine. Over com-
pound generators are usually made and adjusted
so that the terminal voltage will be from 414 % to
6% higher at full load than at no load.

31. DIFFERENTIAL COMPOUND
GENERATORS

Any compound gener‘ator can be connected either
cumulative or differential, by simply reversing the
connections of the series field windings so that these
coils will either aid or oppose the flux of the shunt
field.

Compound generators are usually designed to
operate cumulative unless otherwise ordered tor
special purposes.

FR.

+ Jo Load

A

Cumulative Compound Gemnerator

Fig. 40. Connections of brushes and field coils for a four-pole, dif-
ferential, compound generator. Note that the direction of current
through the series field coils is opposite to that?in the shunt coils.

When the series field coils are connected differen-
tial, and so that their flux opposes that of the shunt
field, each increase in the load on the machine will
cause quite a decided voltage drop, as it increases
the current in the differential winding and thereby
werakens the field flux.

The voltage of these machines, therefore, will
vary inversely with the load and considerably more
than it varies with the shunt generator. The volt-
age regulation of differential compound generators
may be classed as very poor, but they have advan-
tages in certain classes ot work.

For the generators used in welding, where sudden
and severe overloads are placed on the machine in
starting the arcs, or for any machines that have
frequent severe overloads or the possibility of short
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Fig. 41. This chart shows the curves of several types of generators
ali together so they can be easily compared.

circuits, the differential compound winding is a
gond protective feature.

When an overload is placed on the line, the ad-
ditional current in the differential series coils tends
to neutralize the shunt field flux and thereby re-
duces the generator voltage considerably. This also
reduces the amount of current which will flow
through the armature, and therefore protects it
from overheating.

The shunt field winding of the differential
generator should be the main field winding and
determine the polarity of the pole. The series field
should at no time determine the polarity of the
poles, unless the shunt field circuit is open or except
in case of a short circuit across the brushes.

Fig. 40 shows the connections of a differential
compound generator. Note that the current flows
in opposite directions in the shunt and series wind-
ings around the field poles.

Fig. 41 shows the curves for the several types
of generators just described and provides a good
opportunity to compare the voltage characteristics
of shunt, series, and compound generators. Note
how rapidly the voltage of the differential machine
falls off as the kilowatt load increases.

It will be well to keep in mind the different
voltage characteristics of these machines and the
principles by which their voltage regulation is ob-
tained, because you will encounter all types in
various plants in the field. Therefore a knowledge
of their field connections and adjustment, and the
proper methods by which these connections can be
changed to obtain different characteristics, will
often be very valuable to you.
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OPERATION OF D. C. GENERATORS

In commencing the study of the operation of
generators, it will be well to first consider prime
movers, or the device, used to drive the generators.

The term Prime Mover may apply to any form
of mechanical power device, such as a steam en-
gine, steam turbine, gas or oil engine, or water
wheel. These devices, when used to drive electric
generators, are designed to operate at a constant
speed at all loads up to full load. They are usually
equipped with governors which maintain this con-
stant speed by allowing the correct amount of
power in the form of steam, gas, or water to enter
the prime mover, according to the variations of
current load on the generator.

The prime mover should always be large enough
to drive the generator when it is fully loaded, with-
out any reduction in speed which would be notice-
able in the generator voltage output.

It is not our purpose in this Electrical Reference
Set to discuss in detail the design or operation of
prime movers, although in a later section they will
be covered to a greater extent with regard to their
operation.

32. CALCULATION OF PROPER H.P. FOR
PRIME MOVERS

To determine the proper size of engine or prime
mover to drive a D.C. generator of a given rating
in kilowatts, we can easily calculate the horse
power by multiplying the number of kilowatts by
1.34.

You will recall that one h. p. is equal to 746 watts,
and one kilowatt, or one thousand watts, is equal
to 1.34 h. p.

Multiplying the kilowatt rating of the generator
by 1.34 gives the horse power output of the
machine. This horse power output can also be
determined by the formula:

E X ]
746

H. P. =

In which:
E =the generator voltage
I == the maximum current load rating
746 = the number of watts in one h. p.
In addition to the electrical horse power output
of the generator, we must also consider its effi-
ciency, or the loss which takes place in its windings
and bearings.
If the efficiency of a generator is known to be
80%, the formula to determine the horse power
required to drive it will be as follows:

X
op_ft Xt
e X 746
In which:
e — the efficiency of the generator, ex-

pressed decimally.
We should also allow a certain amount for any
overload that the generator is expected to carry. A

convenient rule for determining the approximate
horse power required to drive any generator, is to
multiply the kilowatt rating of the machine by 1.5,
which will usually allow enough extra power to
make up for the loss in the generator.

For example, if we have a generator which is
rated at 250 volts and 400 amperes, and this ma-
chine has an efficiency of 90%, we can determine
the necessary horse power by the formula, as fol-
lows:

250 X 400
_ 48.94 h. p.
90 X 746 , or 1 4 h. p

The kilowatt rating of this same generator would
be 100 KW, as can be proven by multiplying the
volts by the amperes. So, if we simply multiply
100 X 1.5, according to our approximate rule, we
find that 150 h. p. will be required. This is approxi-
mately the same figure as obtained by the use of
the other formula,

H P.—

Fig. 41-A. This photo shows a large modern D. C. generator with
a welded frame. The capacity of this generator is 1000 KW.
What horse power will be required to drive it and satisfactorily
maintain the speed when the generator is 109 overloaded? Assume
the efficiency of the generator to be 93%.

If the generator has less than 90% efficiency and
if it is known that the load will be up to the full
capacity of the generator at pratically all times, and
occasionally a little overload, then it is better to
allow slightly greater horse power than in the prob-
lem just given.

Prime movers for the operation of generators
should be equipped with governors which are quick
enough in their response so that they do not allow
the generator to slow up noticeably when additional
load is applied.

There is generally some adjustment.provided on
these governors which can be used to set the prime
mover to run the generator at the proper speed ta
maintain the proper voltage.
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As the voltage of the generator depends upon its
speed, we should keep in mind that its voltage can
be adjusted by adjusting the governors or throttle
of the prime mover.

33. INSPECTION BEFORE STARTING
GENERATORS

When starting up a generator we should first
make a thorough examination, to make sure that
the prime mover and generator are both in proper
running order. The oil wells should be examined
to see that there is sufficient oil in all main bearings
and that the oil rings are free to turn. Be careful,
however, not to flood oil wells, because excess oil
allowed to get into the windings of the generator
is very damaging to the insulation, and may neces-
sitate rewinding the machine.

On small and medium-sized machines only a little
oil need be added from time to time, unless the oil
wells leak. On large machines, where the armature
is very heavy, forced lubrication is necessary to
maintain the film of oil between the shaft and bear-
ings. With these machines an oil pump is used to
force oil to the bearings at a pressure of 20 to 30
Ibs. per square inch to insure proper lubrication.
Some bearings are also water cooled, having open-
ings through the metal around the bearing for water
to flow through and carry away excessive heat.

If there are auxiliaries of this kind, they should
be carefully examined and checked before running
the machine.

34. STARTING GENERATORS

Before starting up a generator it is usually best
to see that the machine is entirely disconnected from
the switchboard. This is not always necessary, but
it is safest practice. Next start the prime mover and
allow the generator armature to come gradually up
to full speed. Never apply the power jerkily or
irregularly.

Power generators are always rotated at their full
speed when operating under load. When the ma-
chine is up, to full speed the voltage can be adjusted
by means of the field rheostat which is connected
in series with the shunt field.

The machine voltage can be checked by means of
the switchboard voltmeter, and it should be brought
up to full operating voltage before any switches are
closed to place load on the generator.

After the voltage is adjusted properly, the ma-
chine may be connected to the switchboard by
means of the circuit breakers and switches. Where
circuit breakers are used they should always be
closed first, as they are overload devices and should
be free to drop out in the event there is an overload
or short circuit on the line.

After closing the circuit breaker the machine
switch may be closed, completing the connection of
the generator to the switchboard. As the switch is
closed the operator should watch the ammeter and
voltmeter to see that the load is normal and to

make any further necessary adjustments with the
field rheostat.

If the generator is operating in parallel with
others, the ammeter will indicate whether or not it
is carrying its proper share of the load. The load on
any generator should be frequently checked by
means of an ammeter or wattmeter to see that the
machine is not overloaded.

The temperature of the machine windings and
bearings should also be frequently observed in order
to check any overheating before it becomes serious.

35. CARE OF GENERATORS DURING
OPERATION

After the machine is running, the most important
observations to be made frequently are to check the
bearing oil and temperature, winding temperatures
and ventilation, voltage of the machine as indicated
by the volt meter, and the load in amperes shown
by the ammeter. Commutator and brushes should
also be observed to see that no unusual sparking or
heating is occurring there.

Fig. 41-B. This view shows two engine-driven D. C. generators in
a power plant. Two or more machines of this type are commonly
operated in parallel,

Commutators should be kept clean and free from
dirt, oil, or grease at all times. Brushes should be
kept properly fitted and renewed when necessary,
and the commutator surface kept smooth and even
for the best results.

All parts of an electric generator should be kept
clean at all times as dust and oil tend to clog the
ventilating spaces in the windings, destroying the
value of the insulation, and also intefering with
proper commutation,

The supply of ventilating air in the generator
room should be frequently checked to see that it is

A1)
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not restricted, and that the temperature of the arma- —

ture is not allowed to become too high. Moisture
is very detrimental to the generator windings and
water in or around the generator is very dangerous,
unless confined in the proper pipes for such pur-
poses as cooling bearings, etc. Never use water to
extinguish fire on any electrical equipment.

36. PARALLELING D. C. GENERATORS

Where direct current is used in large quantities
the power is usually furnished by several generators
operating in parallel, rather than by one or two very
large machines. The larger machines when operated
at full load, are, of course, more efficient than
smaller ones, but the use of several machines in-
creases the flexibility and economy of operation in
several ways.

If only one large generator is used and the load
is small during a considerable part of the time, it
is then necessary to operate the machine partly
loaded. The efficiency of any generator is generally
less when operating at less than full load, as they
are designed to operate at highest efficiency when
they are fully loaded or nearly so.

When several machines are used, the required
number can be kept in operation to carry the exist-
ing load at any time. Then if the load is increased
additional machines may be put in operation, or if
it is decreased one or more machines may be shut
down.

In a plant of this kind if any generator develops
trouble it can be taken out of service for repairs, and
its load carried by the remaining machines for a
short period, if it doesn’t overload them more than
the amount for which they are designed.

37. IMPORTANT RULES FOR PARALLEL
OPERATION

As we learned 'in the previous section on series
and parallel circuits, when generators are connected
in parallel their voltages will be the same as that of
one machine, The current capacity of the number
of generators in parallel, however, will be equal to
the capacity of all of them, or the sum of their rated
capacities in amperes.

To operate generators in parallel, their voltages
must be equal and their polarities must be alike.

The positive leads of all machines must connect to
the positive bus bar and the negative leads of all
machines must connect to the negative bus bar.
This is illustrated by the sketch in Fig. 42, which
shows two D. C. generators arranged for parallel
operation. You will note that if the switches are
closed the positive brushes of both machines will
connect to the positive bus bar, and the negative
brushes are both connected to the negative bus bar.

The voltmeters connected to each machine can be
used to check the voltage as the machine is brought
up to speed, in order to be sure that it is equal to
the voltage of the other machine which may already
be running and connected to the bus. If the voltages
are unequal to any great extent, the machine of

higher voltage will force current backward through
the one of lower voltage and tend to operate it as
a motor.

It is, therefore, very important that the voltage
be carefully checked before closing the switch which
connects a generator in parallel with others.

If the polarity of one machine were reversed, then
when they are connected together it would result
in a dead short circuit with double voltage or the
voltage of both machines applied in series.

+ 8us

— BUS

Fig. 42. This simple sketch shows a method of connecting two D. C.
generators in parallel. Note the polarity of the generator brushes
and bus bars.

Just try making a sketch similar to Fig. 42 and
reverse the polarity of one generator and see what
would happen. You will find that the positive of
one machine feeds directly into the negative of the
other, and so on around a complete short circuit.

The resistance of the machine windings, bus bars,
ammeters and connections is so low that an enor-
mous current would flow, until circuit breakers or
fuses opened the circuit. If no such protective de-
vices were provided, the windings would be burned
out or possibly even thrown out of the slots, by the
enormous magnetic stresses set up by the severe
short circuit currents. )

You can readily see that in such matters as these
your training on electrical principles and circuits
becomes of the greatest importance, as you should
at all times know the results of your movements
and operations in a power plant, and know the
proper methods and precautions to follow.

38. CORRECTING WRONG POLARITY

If the polarity of a generator should build up
wrong, or in the reverse direction, it will be indicated
by the voltmeter reading in the wrong direction,
and these meters should always be carefully ob-
served when starting up machines.

Sometimes the generator will build up wrong
polarity because its residual magnetism has reversed
while the machine was shut down. Sometimes stop-
ping and starting the machine again will bring it up
in the right polarity if some load is connected
on the circuit. If it doesn’t, the polarity can
be corrected by momentarily applying a low voltage
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source of direct current to the field coils and send-
ing current through them in the proper direction.

In power plants where several D. C. generators
are used, they are generally arranged so their fields
can be connected to the bus bars, assuring proper
excitation and polarity.

39. COMPOUND MACHINES BEST FOR
GENERAL SERVICE

Shunt wound generators will operate quite satis-
factorily in parallel on constant loads if their volt-
ages are kept carefully adjusted to keep the load
divided properly between them. If the voltage of
one machine is allowed to rise or fall considerably
above or below that of the others, it will cause the
machine of lower voltage to motorize and draw ex-
cessive reverse current, and trip open the circuit
breakers.

lf the voltage of one machine falls only a little
below that of the others, the back current may not
be sufficient to open the breakers, but would be in-
dicated by the ammeter of this machine reading in
the reverse direction.

Shunt generators are not very often used in large
power plants, because of their very poor voltage
regulation and the considerable drop in their voltage
when a heavy load is applied. A plain shunt gen-
erator can usually be changed for compound opera-
tion by simply adding a few turns of heavy wire
around the field poles, and connecting them in series
with the armature, with the right polarity to aid
the shunt field flux.

The compound generator is best suited to most
loads and circuits for power and lighting service and
is the type generally used where machines are oper-
ated in parallel in D. C. power plants.

Series generators are not operated in parallel and
in fact they are very little used, except for welders,
test work or in older street lighting installations.

40. SIMILAR VOLTAGE CHARACTERISTICS
NECESSARY FOR PARALLEL
OPERATION

Compound generators can be readily paralleled if
they are of the same design and voltage. They usu-
ally have similar electrical and voltage character-
istics and should be made with the same compound-
ing ratios. That is, the compounding effects of the
machines must be equal even though they are of
unequal size.

Machines of different kilowatt ratings can be sat-
isfactorily operated in parallel, if they are made by
the same manufacturer or of the same general de-
sign, so that each will tend to carry its own share
of the load. If their compounding is properly pro-
portioned, the voltage rise of each generator should
be the same for a similar increase of load.

WWhen a D. C. generator is operated in parallel
with others and its voltage is increased, it will im-
mediately start to carry a greater share of the cur-
rent load. We can, therefore, adjust the load on the
various machines by increasing or decreasing their
voltages the proper amount.

41. TESTING AND ADJUSTING COM-
POUNDING OF GENERATORS

The compounding effects of different generators
can be tested or compared by separately loading
in increasing amounts and observing their volt-
meters. This can be done by connecting one of the
machines to the switchboard, or to a special loading
rheostat, and operating the machine under normal
voltage. Then apply a certain amount of load to it
and observe the voltmeter closely, to note the
amount of increase in the voltage due to the com-
pounding effect.

It will probably be well to check the voltage in-
crease as the load is changed from one-fourth to
one-half, and then to three-fourths and full load
values. Dy testing each generator in this manner we
can determine which of them has the greatest over-
compounding effect, or produces the highest in-
crease in voltage for the various increases in load.

If this compounding is found to be different on
the various machines, it can be adjusted by means
of the series field shunt, which will allow more or
less of the total load current to flow through the
scries winding of the compound field.

\When a number of machines of similar design are
thus properly adjusted they should operate satis-
factorily in parallel under all normal load changes.

In case the machines do not properly divide their
loads and one is found to be taking more than its
share of any load increases, this can be corrected
by very slightly increasing the resistance of its
series field circuit by adding a few feet of cable in
the series field counection.

The series field windings may be connected to

VALY

Fig. 42-A. Large D. C. generator driven by a wvertical engine. If
this machine is rated at 250 volts and 3000 amperes, what is its
capacity and KW ?
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either the positive or negative brush leads of the
armature; but, where compound generators are
operated in parallel, the series field lead of each ma-
chine must be connected to the same armature lead,
either positive or negative, on all generators.

42. EQUALIZER CONNECTIONS

When compound generators are operated in par-
allel, an equalizer connection should be used to
equalize the proportion of currents through their
series fields and to balance their compounding ef-
fects.

This equalizer connection, or bus, is attached to
the end of the series field next to the armature.
Its purpose is to connect the series fields of all
generators directly in parallel by a short path of
very low resistance, and to allow the load to divide
properly between them. When this connection is
properly made the current load will divide between
the series fields of the several machines in propor-
tion to their capacity.

The equalizer allows the total load current to
divide through all series fields in inverse proportion
to their resistance, independently of the load on the
armature of the machine and of the armature resist-
ance and voltage drop. This causes an increase of
voltage on one machine to build up the voltage of
the others at the same time, so that no one machine
can take all the increased load.

The connecting cables or busses used for equal-
izer connections between compound generators
should be of very low resistance and also of equal
resistance. This also applies to the series field con-
nections from the generators to the main buss, if
the machines arc of the same size.

If the machines are located at different distances
from the switchboard, bus cables of slightly differ-
ent size can be used, or an additional low resistance
unit can be inserted in the lower resistance leads.

Whenever possible, leads of equal length should
be used; and, in the case of cables, it is sometimes
advisable to loop them or have several turns in the
cable to make up the proper 1ength If these cables
or busses were of unequal resistance on machines
of the same size, there would be an unequal division
of the load through the machines, and the machine
having the lowest resistance would take more than
its share of the load.

When machines of unequal size are to be paral-
leled, the resistance of the series field leads should
be in proportion to the resistance of the series field
windings.

Fig. 43 shows a wiring diagram for two com-
pound generators to be operated in parallel. Note
the series and shunt field windings, and also the
series field shunts and shunt field rheostat. The
equalizer connections are shown properly made at
the point between the series field lead and the nega-
tive brush. From this point they are attached to
the equalizer bus on the switchboard. The volt-
meters are connected directly across the positive
and negative leads of each generator, and the am-

meters are connected across ammeter shunts which
are in series with the positive leads of each machine.
These shunts will be explained later.

The machine switches for connecting the genera-
tors to the bus bars are also shown in this diagram;
but the circuit breakers, which would be connected
in series with these switches, are not shown.

43, LOCATION OF EQUALIZER SWITCHES

On machines of small or medium sizes and up to
about 1,000 ampere capacity, the equalizer switch is
often the center pole of the three-pole switch, as
shown in Fig. 43.

The two outside switch blades are in the positive
and negative leads of the machine. For machines
requiring larger switches, three separate single-pole
switches may be used for greater ease of operation.
In this case the center one is usually the equalizer
switch.

It is quite common practice to mount all of these
switches on the switchboard, although in some in-
stallations the equalizer switch is mounted on a
pedestal near the generator. In this case, the equal-
izer cable or bus is not taken to the switchboarl
but is run directly between the two machines.
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Fig. 43. This diagram shows the connections for two compound D. C.
generators to be operated in parallel Note carefully the connec-
tions of the equalizer leads, series and shunt fields and instruments.

Regardless of the location of the equalizer
switches, they should be closed at the same time or
before the positive and negative machine switches
are closed.

Where three-pole switches are used, all of the
poles are, of course, closed at the same time; but,
if three single-pole switches are used, the equalizer
should be closed first. If the positive and negative
switches are closed one at a time, the switch on the
same side of the armature from which the equalizer
connection is taken should be closed second.

The series field should always be paralleled before
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or at the same instant that the generator armature
is paralleled with the main bus, in order to insure
equalization of the compounding effects and to
allow the machine to take its proper share of the
load at once.

44. INSTRUMENT CONNECTIONS WITH
PARALLEL GENERATORS

Current instruments and devices—such as am-
meters, overload coils on circuit breakers, current
coils of wattmeters, etc.—should always be con-
nected in the armature lead which doesn’t contain
the series field winding. This is shown by the am-
meter shunts in Fig. 43, which are properly con-
nected in the positive lead. )

If these devices are connected in the lead which
has the series field in it, the current indications will
not be accurate, because current from this side of the
machine can divide and flow through either the
equalizer bus or the armature.

Ammeters and other current devices should indi-
cate the amount of current through the armature of
the machine. It is not necessary to measure the cur-
rent through the series fields, since they are all in
parallel with each other.

The voltage generated in the armature will deter-
mine the amount of current which is carried through
it, and it is possible to control the armature voitage
of any machine by the adjustment of the shunt field
rheostat and thus vary the load carried by each
generator.

Voltmeters should be connected, as shown in Fig.
43, at a point between the generator brushes and

THREE-WIRE

The Edison three-wire D. C. system is used chiefly
where the generating equipment is to supply energy
for both power and lighting. The advantages of this
system are that it supplies 110 volts for lights and
220 volts for motors and also saves considerably
in the amounts and cost of copper, by the use of the
higher voltage and balancing of the lighting circuits.

Some of these features of 3-wire systems were
also explained in Section 2, on Electrical Wiring.

One of the most simple and common methods of
obtaining the two voltages on three-wire circuits is
by connecting two 110-volt generators in series, as
shown in Fig. 44.

We know that when generators are connected in
series in this manner their voltages add together,
so these two 110-volt machines will produce 220
volts between the outside or positive and negative
wires. The third, or neutral, wire is connected to
the point between the two generators where the
positive of one and negative of the other are con-
nected together. The voltage between the neutral
wire and either outside wire will be 110 volts, or the
voltage of one machine.

Generators for this purpose may be either shunt
or compound, but the compound machines are more
generally used. They can be driven by separate

the main switch, so that the voltage readings can

be obtained before this switch is closed. This is

necessary because we must know the voltage of the

generator before it is connected in parallel with the

others.

45. STARTING, PARALLELING and ADJUST-
ING LOAD ON GENERATORS

In starting up a generator plant with several ma-
chines, the first generator can be started by the pro-
cedure previously described and connected to the
bus as soon as its voltage is normal. The second
generator should then be brought up to speed and
its voltage then carefully checked and adjusted to
be equal to that of the first machine. Then this
second machine can be connected to the bus. The
ammeters of both machines should then be read to
see that they are dividing the load equally or in
proportion to their sizes.

By adjusting the voltage of any generator with
its field rheostat, it can be made to take its proper
share of the load. After this adjustment is made,
the same procedure can be followed on the remain-
ing machines. If there are a number of branch cir-
cuits and switchboard panels feeding to the lines
and load, the switches on these panels can be closed
one at a time, applying the loads to the generators
gradually.

To shut down any machine, adjust its shunt field
rheostat to cut in resistance and weaken its field,
lowering the voltage of that generator until its am-
meter shows that it has dropped practically all of
its load. The circuit breaker can then be opened
and the machine shut down.

D. C. SYSTEMS

prime movers or both driven by the same prime
mover if desired; and the drive may be either by
belt or direct coupling. )

In general the operation of a three-wire system is
practically the same as for a two-wire machine. The
voltage of each generator may be adjusted by means
of the shunt field rheostat.

As these machines are operated in series instead
of parallel, it is not necessary to have their voltage
exactly even; but they should be kept properly ad-
justed in order to maintain balanced voltages on the
two sides of the three-wire system.

There is no division of the current load between
these generators—as in the case of parallel ma-
chines—as the main current flows through both ma-
chines in series. When the voltage of both machines
is properly adjusted, they can be connected to the
switchboard busses. The ammeters should then be
observed to note the current in each wire.

46. DIRECTION AND AMOUNT OF CUR-
RENT IN THE NEUTRAL WIRE
The ammeter in the neutral wire is of the double-
reading type, with the zero mark in the center of
the scale, and it will read the amount of current
flowing in either direction.
When the load on a three-wire system is perfectly

2
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balanced, the neutral wire will carry no current and
the set operates on 220 volts. In this case the two
outside ammeters will read the same and the center
ammeter will read zero. When there is an unequal
amount of load in watts on each side of the system
it is said to be unbalanced, and the neutral wire will
carry current equal to the difference between the
current required by the load on one side and that
on the other.

This current may, therefore, flow in either direc-
tion, according to which side of the system has the
heaviest load. Referring to Fig. 44—if the greater
load were on the lower side, the extra current re-
quired would be furnished by the lower generator;
and the current in the neutral wire would be flow-
ing to the right, or away from the generators. If
the heavier load were placed on the upper side of
the system, the extra current would be supplied by
the upper machine, flowing out on its positive wire
and back to the line on the neutral wire.
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Fig. 44. This sketch shows two D. C. generators connected in series
for providing three-wire, 110 and 220 volt service.

47. BALANCED SYSTEM MORE
ECONOMICAL
For efficient operation, the amount of unbalance
should not exceed 10% of the total load. In many
cases, however, it is allowed to exceed 15% or more.
If the load could always be kept perfectly balanced,

. no neutral wire would be required as all of the load

devices would be operated two in series on 220 volts.

Without the neutral wire, if one or more of the
lamps or devices should be disconnected, the re-
maining ones on the other side of the system would
operate at more than normal voltage. This was
thoroughly explained under the heading, “Three-
Wire Systems”, in Section Two of Electrical Con-
struction and Wiring.

In most systems it is practically impossible to
keep the load balanced at all times, and, therefore,
the neutral wire is necessary to carry the unbalanced
load and keep the voltages equal on both sides of
the system. It is very seldom, however, that the
neutral wire will have to carry as much current as
the outside wires. Therefore, it may be made smaller
than the positive and negative wires.

Quite often the neutral wire is made one-half the
size of either of the outer wires, unless local rulings
require it to be of the same size. If the neutral wire
is made one-half the size of the outer ones, a three-
wire system of this type will require only 31.3% of
the copper required for the same load on a two-wire,
110-volt system.

The neutral wire is generally grounded, as shown
in Fig. 44.

48, THREE-WIRE GENERATORS

In some cases a special three-wire generator is
used, instead of the two machines in series, to pro-
duce a three-wire D. C. system. An early type of
three-wire generator, and one which is still used for
certain installations, consists of a 220-volt armature
equipped with both a commutator and slip rings.

The armature coil connections are made to the
commutator in the usual manner, and 220 volts is
obtained from the brushes on the commutator. In
addition to the leads from each coil to the commuta-
tor bars, other leads are taken from points spaced
180° apart around the winding and are connected
to a pair of slip rings mounted on the shaft near
the end of the commutator. This supplies single-
phase alternating current at 220 volts to the slip
rings.

From the brushes on these slip rings two leads are
taken to opposite ends of a choke coil, which con-
sists of a number of turns of heavy wire wound on
an iron core similar to a transformer core. This
connection is shown in Fig. 45.

A tap is made at the exact center of this choke
coil for the third or neutral wire. In some cases a
choke coil is mounted on the armature shaft and
rotated with it; but in most cases this coil is sta-
tionary and outside of the machine, having its con-
nections made through the slip rings and brushes.
These coils are often referred to as three-wire trans-
formers or compensators.

49, PRINCIPLE OF THE BALANCE COIL

The neutral wire, being connected to the center
of the coil, is always at a voltage about one-half
that between the positive and negative brushes.
Therefore, if 220 volts are obtained between these
brushes, 110 volts are obtained between either the
positive and negative wire and the neutral.

When the load on a three-wire generator of this
type is perfectly balanced, no current flows in the
neutral wire and all of the load current is supplied
from the commutator by the positive and negative
D. C. brushes. There is, however, a small amount
of alternating current flowing through the choke or
balance coil at all times, as there is an alternating
voltage applied to it from the slip rings as long as
the machine is operating. This current will be very
small, as a choke coil of this type offers a very high
impedance or opposition to the flow of alternating
current.

This impedance, or opposition, is composed of the
ohmic resistance of the conductors in the coil, and
also of the counter-voltage generated by self-induc-
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tion whenever alternating current is passed through
such turns of wire wound on an iron core.

Direct current, however, can flow through a coil
of this type with only the opposition of the copper
resistance, as the flux of direct current is not con-
stantly expanding and contracting like that of alter-
nating current, and so doesn’t induce the high
counter-voltage of self-induction.
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Fig. 45. The above diagram shows the commutator, slip rings, and
balance coil of a three-wire D. C. generator.

50. UNBALANCED LOAD ON THREE-WIRE
GENERATORS ’

When a system such as that shown in Fig. 45 is
unbalanced and has, we will say, a heavier load be-
tween the positive wire and neutral, the unbalanced
current flowing in the neutral wire will return to
the center tap of the choke coil. From this point it
will flow first in one direction and then in the other,
as the alternating current reverses in direction
through the coil. Thus it returns to the armature
winding, through first one slip ring and then the
other.

If the lower side of the circuit is loaded the heavi-
est the unbalanced current will flow out through
the choke coil in the same manner, passing first
through one half and then the other, to reach the
neutral wire.

The choke coil must, of course, be wound with
wire large enough to carry the maximum un-
balanced current that the neutral wire is expected
to carry. It must also have a sufficient number of
turns to limit the flow of alternating current from
the slip rings to a very low value, in order to pre-
vent a large waste of current through this coil.

Three-wire generators of this type can stand con-
siderable unbalanced load without much effect on
the voltage regulation. They are very compact and
economical and are used to some extent in small
isolated D. C. plants, where the circuits carry a load
of 110-volt lamps and equipment, and also 220-volt
motors.

Fig. 46 shows a three-wire generator on which
the slip rings can be seen mounted close to the end
of the commutator.

51. THREE-WIRE MOTOR GENERATORS
OR BALANCER SETS

Three-wire circuits may also be obtained by
means of a 220-volt D. C. generator in combination
with a motor-generator or balancer set. These
balancer sets consist of two 110-volt machines
mounted on the same bed plate and directly con-
nected together by their shafts. See Fig. 48. The
armatures of both machines are connected in series
with each other, and across the positive and nega-
tive leads of the 220-volt generator, as shown in
Fig. 47.

This allows 110 volts to be applied to each arma-
ture and operates both machines as motors when
the load is perfectly balanced. Either machine can,
however, be operated either as a motor or as a gen-
erator, if the load on the system becomes un-
balanced.

If one side of the system has a heavier load con-
nected to it, the machine on this side automatically
starts to operate as a generator and is driven by the
machine on the other side, which then operates as
a motor. This condition will immediately reverse
if the greater load is placed on the opposite side of
the system. A balancer set of this type will, there-
fore, supply the unbalanced current in either direc-
tion, and will maintain 110 volts between the neu-
tral and either outside wire.

Fig 45-B. This view shows a three-wire generator disassembled. You
will note the slip rings mounted on the end of the commutator.

Where these machines are larger than one or
two kilowatts, a starting rheostat should be used to
limit the flow of current through their armatures
until the machines attain full speed. After they
reach full speed, they generate sufficient counter-
voltage to limit the current flow through their arma-
tures while operating as motors.

The neutral wire is connected between the arma-
tures of the motor generator set where their posi-
tive and negative leads connect together.

52. EFFECTS OF SHUNT AND SERIES
FIELDS OF BALANCER GENERATORS
Either shunt or compound machines may be used
for these equalizers, hut compound machines are
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Fig. 46. Assembled three-wire generator. Slip rings can be seen at
the right-hand end of the commutator. If this machine is rated
at 500 KW, what should the maximum load in amperes be on both
of the 110 volt circuits it supplies?

used more extensively. The number of turns in the

series field coils must be carefully selected to pro-

vide the proper compounding effects. Generally the
number of turns is very small, so that the voltage
rise due to compounding will not be very great.

If this series field produces too great a voltage
rise on either machine, that machine will be apt
to take more than the unbalanced part of the load.
The machines shown in Fig. 47 are of the com-
pound type and have their series fields connected
in series with the armatures and the positive and
negative line wires. .

The shunt fields are connected in parallel with
their armatures and are both in series with a field
rheostat, which can be used to increase the strength
of the field of one machine and decrease that of the
other at the same time.

The series fields are connected so that they in-
crease the field strength when either machine is
operating as a generator, but tend to decrease or
oppose the flux of the shunt field on either machine
when it operates as a motor. This is caused by
the reversal of the direction of current through the
series field and armatures as the unbalanced load
is shifted from one side of the system to the other.
Current through the shunt fields, however, con-
tinues to flow in the same direction at all times, be-
cause they are connected across the positive and
negative leads from the main generator.

If the compounding effect of the balancer ma-
chines tends to strengthen the field of either one
operating as a generator, the voltage of that machine
will rise slightly ; while the compound effect on the
machine operating as a motor weakens its field and
tends to make it speed up.

As long as the load on the system is perfectly
balanced, both machines operate as differential
motors without any mechanical load. The current
through their armatures at such times is very small,
being only sufficient to keep the armatures turning
against the bearing and friction losses and to supply
the small electric losses in the machines.

53. BALANCING OF UNEQUAL LOADS

When a system is unbalanced, the neutral current
divides between the two armatures, driving the one
on the lightly loaded side as a motor and passing
through the other as a generator. In Fig. 47 the
upper side of the system has the heaviest load, and
the lower side has the highest resistance. This will
cause the excess current from the greater load to
flow back through the neutral wire and through the
series of the lower machine, in a direction opposing
its shunt field. This weakens the field flux and
causes this machine to speed up and tend to act as
a motor to drive the upper machine as a generator.

As the voltage of the generator unit rises slightly
with the increased speed, it causes part of the un-
balanced load to flow through it, and its series field,
in a direction aiding the flux of the shunt field.

This increases its voltage still more, which en-
ables it to take its proper share of the unbalanced
current and to compensate for the voltage drop on
the heavily loaded side of the system.

If the heaviest load is placed on the other side of
the system, the current through the series fields of
both machines will reverse, and cause the one which
was operating as a generator to speed up and oper-
ate as a motor.

RIES F.

+

000
+  semiEs F
+ s

F.[R: —
SHUNT F.
|

NEUTRAL

A
E‘ ogogele!

SHUNT F.
L ) SRR
n

J———
SHUNT F.

110€.

'

STARTING |
RHEOSTAT y

1
1
'
'
'
'
1
1
1
!
'
' |
b \
| '
'
'
¥

Fig. 47. This diagram shows the connections for the main generator and
two balancer machines of a three-wire system.

The motor armature must take enough more than
one-half of the neutral current to supply the losses
of both armatures.

Referring again to Fig. 47, we find that the con-
nections of the field rheostat, F. R., are such that
when the handle or sliding contact is moved up-
ward it will cut resistance out of the shunt field of
the upper machine and add resistance in series with
the shunt of the lower machine. This would pro-
duce the desired effects when the upper machine is
operating as a generator and the lower one as a
motor.
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As this change of resistance increases the field
strength voltage of the generator, it weakens the
field strength and increases the speed of the motor.

The shunt fields can be controlled separately, if
desired, by connecting a separate rheostat in series
with each field. In Fig. 44 the shunt fields of each
machine are connected in parallel with their own
armatures. By changing these connections so that
the shunt field of each machine is connected across
the armature of the other mahine, the machine
which is operating as a generator will increase the
current flow through the motor field and improve
the torque of the motor armature.

Fig. 48 shows a motor-generator balancer set of
the type just described.

COMMUTATION

The term “commutation” applies to the process
of reversing the connections of the coils to the
brushes, as the coils pass from one pole to another
in rotation.

The function of the commutator, as we already
know, is to constantly deliver to the brushes voltage
in one direction only, and thereby rectify or change
the alternating current generated in the winding
to direct current for the line.

We have also learned that commutation for the
various coils, or the contact of their bars with the
brushes, should take place when the coils are in
the neutral plane between adjacent poles; at which
point there is practically no voltage generated in
them.

The reason for having commutation take place
while the coils are in the neutral plane is to prevent
short-circuiting them while they have a high voltage
generated in them. This would cause severe spark-
ing, as will be more fully explained later.

54. PROCESS OF COMMUTATION

The process of commutation, or shifting of coils
in and out of contact with the brushes, is illustrated
in Fig. 49. Here we have a sketch of a simple
ring-type armature with the ends of the coils shown
connected to adjacent commutator bars. This
winding is not the kind used on modern power
generators, but it illustrates the principles of com-
mutation very well, and is very easily traced.

We will assume that the armature in this figure
is rotating clockwise. All of the coils which are
in front of the north and south poles will be gen-
erating voltage, which we will assume is in the
direction shown by the arrows inside the coils.

As the coils are all connected in series through
their connections to the commutator bars, the
voltage of all of the coils on each side of the arma-
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Fig. 48. Photo of a motor-generator balancer set used for
three-wire system machines of this type are used con-
siderably, where the unbalanced load is small compared
to the total load on the main generator.

AND INTERPOLES

ture will add -together. The voltages from both
halves of the winding cause current to flow to the
positive brush, out through the line and load, and
back in at the negative brush where it again
divides through both sides of the winding.

Now let us follow the movement of one coil
through positions A, B, and C; and see what action
takes place in the coil during commutation.

We will first consider the coil in position A,
which is approaching the positive brush. This coil
is carrying the full current of the left half of the
winding, as this current is still flowing through it
to commutator bar 1 and to the positive brush.
The coil at “A” also has a voltage generated in it,
because it is still under the edge of the north field-
pole.

An instant later when the coil has moved into
position B, it will be short-circuited by the brush
coming in contact with bars 1 and 2.

55. SELF INDUCTION IN COILS SHORTED
BY BRUSHES

As soon as this coil is shorted by the brush,
the armature current stops flowing through it, and
flows directly through the commutator bar to the
brush. When this current stops flowing through
the coil, the flux around the coil collapses and cuts
across the turns of its winding, inducing a voltage
in this shorted coil. This is called voltage of self-
induction, and it sets up a considerable current flow
in the shorted coil, as its resistance is so low. Note
that the voltage of self-induction always tends to
maintain current in an armature coil in the direction
it was last flowing when generated from the field
pole.

As long as the coil remains shorted, the current
set up by self-induction flows around through the
coil, bars, and brush. DBut as the coil moves far
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enough so bar 2 breaks contact with the brush, this.
interrupts the self-induced current and causes an
arc. Arcing or sparking will tend to burn and pit
the commutator, and is very detrimental to the
commutator surface and brushes. Methods of pre-
venting arcing will be explained later.

As the coil which we are considering moves on
into position C, its short circuit has been removed
and it is now cutting flux under a north pole. This
will generate a voltage in the opposite direction
to what it formerly had, and it still feeds its current
back to the positive brush through bar 2.

So we find that, by shifting the contact from one
end of the coils to the other as they pass from pole
to pole and have their voltages reversed, the same
brush always remains positive.

To Load

&

Fig. 49. This diagram illustrates the principles of commutation in
a generator. Examine each part of it very carefully while reading
the explanation given on these pages.

56. IMPORTANCE OF PROPER BRUSH
SETTING FOR NEUTRAL PLANE

The time allowed for commutation is extremely
short, because when a generator armature is turning
at high speed, the bars attached to any coil are in
contact with a brush for only a very small fraction
of a second.

The reversal of the coil leads to the brushes must
take place very rapidly as the coils are revolved
at high speed from one pole to the next. On an
ordinary four-pole generator each coil must pass
through the process of commutation several thou-
sand times per minute. Therefore, it is very impor-
tant that commutation be accomplished without
sparking, if we are to preserve a smooth surface
on the commutator and prevent rapid wear of the
brushes.

Brushes are made in different widths according
to the type of winding used in the machine; but,
regardless of how narrow the brushes may be, there
will always be a short period during which adjacent
commutator bars will be shorted together by the
brushes as they pass under them.

We have found that, in order to avoid severe
sparking during commutation, the coils must be

shorted only while they are in the neutral plane,
when the coil itself is not generating voltage from
the flux of the field poles. Therefore, the brushes
must be accurately set so they will short circuit
the coils only while they are in this neutral plane.

57. SHIFTING BRUSHES WITH VARYING
LOAD ON MACHINES WITHOUT
INTERPOLES

The" neutral plane tends to shift as the load on
a generator is increased or decreased. This is due
to the fact that increased load increases the current
through the armature winding and the additional
armature flux will cause greater distortion of the
field flux. The greater the load, the further the
neutral plane will move in the direction of armature
rotation.

If the brushes are shifted to follow the movement
of this neutral plane with increased load, commu-
tation can still be accomplished without severe
sparking. For this reason, the brushes are usually
mounted on a rocker arm which allows them to be
shifted or rotated a short distance in either direc-
tion around the commutator.

In addition to the sparking which is caused by
shorting coils which are not in the neutral plane,
the other principal cause of sparking is the self-
induced current which is set up in the coils by the
collapse of their own flux when the armature cur-
rent through them is interrupted.

We have previously stated that this self-induction
will set up a considerable flow of current in the
shorted coils. Then, when the coil moves on and
one of its bars moves out from under the brush
and thus opens the short circuit, this current forms
an arc as it is interrupted.

Sparking from this cause can be prevented to a
large extent by generating in the coil a voltage
which is equal and opposite to that of self-induction.

Shifting the brushes also helps to accomplish this,
by allowing commutation to take place as the coil
is actually approaching the next field pole.

This is illustrated in Fig. 50. In this figure you
will note that the brushes have been shifted so that
they do not short circuit the coils until they are
actually entering the flux of the next pole beyond
the normal neutral plane.

The voltage of self-induction always tends to set
up current in the same direction as the current
induced by the field pole which the coil is just
leaving. If, at the time the short circuit on the
coil is broken, the coil is entering the flux of the
next pole, this flux will induce in the coil a voltage
in the opposite direction to that of self-induction.
This will tend to neutralize the voltage and currents
of self-induction and enable the short circuit to be
broken when there is practically no voltage or cut-
rent in the shorted coil.

Keep in mind that this is the required condition
for most satisfactory commutation.

If the load on generators doesn’t change often
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Fig. 50. This sketch shows the method of shifting the brushes to
short circuit coils in a position where they will be generating the
voltage to neutralize that of self-induction.

or suddenly, manual shifting of the brushes with
each change of load and new position of the neutral
plane, may be all that is required to prevent spark-
ing; but when the load changes are frequent and
considerable, it would be very difficult to maintain
this adjustment by hand.

Where the manual method is used to maintain
proper commutation, it is common practice to
adjust the brushes to a position where they will
spark the least for the average load. Then, even
though a certain amount of sparking results when
the load rises above or falls below this value, the
brushes are not changed unless the sparking be-
comes too severe.

Fig. 51 shows a D. C. generator without the shaft
or bearing post. The brushes of this machine are
all attached to the ring framework as shown, and
this entire assembly can be rotated to shift the
brushes, by means of the hand wheel at the left.

Referring again to Fig. 50, the solid arrows show
the direction of the voltage of self-induction, and
the dotted arrows show the direction of the voltage
which is induced by the flux of the field pole which
the coil is approaching. These two voltages, being
in opposite directions, tend to neutralize each other.
as has previously been explained.

58. USE OF COMMUTATING POLES TO
PREVENT SPARKING

On the more modern D.C. machines commutating
poles, or interpoles, are employed to hold the neu-
tral plane in its normal position between the main
poles, and to neutralize the effects of self-induction
in the shorted coils. These interpoles are smaller
field poles which are mounted in between the main
poles of the machine, as shown in Fig. 52.

The interpoles are wound and connected so they
will set up flux of proper polarity, to generate
voltage in the opposite direction to that of self-
induction, as the armature coils pass under them.
Fig. 53 shows a sketch of a simple generator with
interpoles, or commutating poles, placed between
the main field poles.

We will assume that this armature is rotated in
a clockwise direction, and that its armature con-
ductors have generated in them voltage which tends
to send current in through the conductors on the
left side, and out through those on the right side
of the winding. Recalling that the voltage of self-
induction tends to maintain current in the same
direction in the conductor as it was under the last
field pole, we find that this voltage is generated
“in” at the top conductor in the neutral plane and
“out” at the lower one.

59. POLARITY OF INTERPOLES FOR A
GENERATOR

If you will check the polarity of the interpoles,
you will find that their flux would be in a direction
to induce voltages opposite to those of self-induc-
tion in each of these two conductors. The direction
of these voltages is shown by the symbols placed
just outside of the conductor circles. So we find
that, if these commutating poles are made to set up
flux of the right polarity and in the right amount,
they can be caused to neutralize the effects of self-
induction and distortion of the neutral plane almost
entirely.

These poles are called “commutating poles” be-
cause their principal purpose is to improve commu-
tation and reduce sparking at the commutator and
brushes.

Fig. 51. This end view of a generator with the pedestals, bearing,
and shaft removed shows very clearly the brush ring mounted in
grooved rollers on the side of the field frame. The hand-wheel at
the left can be used for rotating this ring to shift the brushes to
the proper neutral plane.

In order to produce the desired results the inter-
poles of a generator must be of the same polarity
as the adjacent main pole in the direction of rota-
tion, '

60. STRENGTH OF COMMUTATING FIELD
VARIES WITH LOAD

In order that these commutating poles may pro-
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duce fields of the proper strength for the varying
loads on the generator armature, their windings are
connected in series with the armature, so that their
strength will at all times be proportional to the
load current. In this manner, the strength and
neutralizing effect of the interpoles increases as the
load increases, and thereby tends to counteract the
effect of increased load on field distortion and self-
induction.

In this manner, interpoles can be made to main-
tain sparkless commutation at all loads and thus
make unnecessary the shifting of the brushes for
varying loads. '
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Fig. 52. This photo shows a four-pole, D. C. generator with commu-
tating poles. hese commutating poles or interpoles are the
emaller ones shown between the main field poles.

Referring again to Fig. 52, you will note tha*
the windings on the interpoles consist of a few
turns of very heavy cable, so that they will be
able to carry the armature current of the machine.
The strength of the interpoles can be varied by the
use of an interpole shunt, which is connected in
parallel with the commutating field to shunt part
of the armature current around these coils. The
connections of this shunt are shown in Fig. 54-A.
The interpole shunt is usually made of low re-
sistance materials, such as bronze or copper, so it
will carry the current readily without undue heat-
ing.

This method of weakening the strength of the
commutating field is quite commonly used on the
larger machines. The terminals of the commu-
tating field are usually connected directly to the
brushes, to eliminate confusion when making ex-
ternal connections to the machine.

61. ADJUSTMENT OF BRUSHES ON
INTERPOLE MACHINES

On machines of small and medium sizes, the end
plate or bracket on the generator is sometimes slot-
ted, as shown in Fig. 54-B, to allow the brushes to
be rotated or shifted within a very limited range.
With such machines, the brush-holder studs are
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Fig. 53. This sketch illustrates the manner in which interpoles
generate voltage opposite to that of self-induction in the con-
ductors which are shorted by the brushes.

mounted rigidly in the bracket but are, of course,

insulated from the metal with fibre sleeves and

washers.

When the brushes are to be rotated the bolts
which hold the end plate to the field {frame are
loosened slightly and the entire end plate is shifted.
This allows the armature coils to be commutated
at a point where the effects of the interpole are
just great enough to neutralize or balance seli-
induction.

Before removing the end plate to make repairs
on a machine of this type, it is well to mark its
position, so that you can be sure to get it replaced
in the correct position. This can be done by making
onc or two small marks in line with each other on
both the field frame and the end plate. The marks
can be made with a file or prick punch.

Interpole Shunt

A

Fig. 54. At “A” is shown the connection of an interpole shunt for
varying the strength of the commutating field. ‘“B’” shows an
end bracket with slots to allow it to be rotated slightly to shift
the brushes. The brush holders on this machine would be mounted
on this end bracket.

62. ADJUSTING INTERPOLES BY
CHANGING THE AIR GAP

The strength of interpoles can also be varied
by placing iron shims or thin strips between the
interpole and the field frame of the machine, as
shown in Fig. 55. It is possible in this manner
to vary the width of the air gap between the face
of the interpoles and the armature core.
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Tron shims

Interpole

Fig. 55. Thin iron shims can be used under an interpole to vary its
strength by changing the air gap between the pole and the
armature.

Decreasing the air gap reduces the magnetic
reluctance of the interpole field path, thereby
strengthening its flux and increasing its effect on
commutation. This method can be used on ma-
chines of any size and when no other visible means
of varying the interpole strength is provided, shims
are probably used.

On some machines, the number of interpoles may
only be one-half the number of main field poles;
in which case they will be placed in every other
neutral plane and will all be of the same polarity.
By making these interpoles of twice the strength
as would be used when a machine has one for each
main pole, we can still effectively neutralize the
seli-induction in the coils. This is true because,
with a modern drum-wound armature, when. one
side of any coil is in one neutral plane the other
side will be in the adjacent neutral plane.

For this reason, if interpoles are placed in every
other neutral plane, one side of any coil will always
be under the interpole while this coil is undergoing
commutation. This is illustrated by the sketch in
Fig. 56, which shows a four-pole generator with
only two interpoles.

As both sides of any coil are in series, the double
strength of the interpole over one side will neu-
tralize the effects of self-induction in the entire coil.
This type of construction reduces the cost of the
generator considerably and is often used on ma-
chines ranging up to six-pole size.

63. COMMUTATION ON MOTORS

The problem of obtaining sparkless commutation
on D. C. motors is practically the same as with
D.C. generators.

Motors as well as generators must have the con-
nections from the brushes to the coils reversed as
the coils pass from one pole to another of opposite
polarity. This is necessary to keep the current from
the line flowing in the right direction in all coils
in order to produce torque in the same direction
under all field poles.

During commutation, the coils of a motor arma-

ture are momentarily short circuited by the brushes,
the same as with a generator.

This shorting and commutation should take place
while the coils are in the neutral plane between
the field poles, where they are doing the least work
or producing the least torque.

We also know that the coils of any motor arma-
ture have a high counter-voltage generated in them
as they rotate under the field poles. This counter-
voltage will be at its lowest value while the coils
are passing through the neutral planes; which is
another reason for having commutation take place
at this point in a motor.

64. POSITION OF NEUTRAL PLANE IN
MOTORS

The neutral plane of a D.C. motor will also shift
with load variations and changes in armature cur-
rent, but this shift will be in the opposite direction
to what it is in a generator. This is due to the
fact that the rotation of a motor will be opposite
to that of a generator if the current direction is the
same in the motor armature as in the generator
armature.

Motor coils also have counter-voltage of self-
induction produced in them when they are shorted

by the brushes. In a motor, the direction of this '

self-induced voltage will be opposite to that in a
generator, as the motor armature currents are in
the opposite direction to those in a generator arma-
ture of the same direction of rotation.

Fig. 56. This simple sketch illustrates the manner in which two
interpoles can be used to neutralize self-induction in the coils of

a four-pole machine.

We can, therefore, improve commutation on a
motor by shifting the brushes in the opposite direc-
tion to that used for a generator. Motor brushes
should be shifted against the direction of rotation,
when the load is increased.

Fig. 57 is a sketch of the armature conductors
and field poles of a simple D.C. motor, showing
the position of the neutral plane with respect to
the direction of rotation.
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The heavy symbols in the six armature conduc-
tors on each side show the direction of the applied
current from the line, which is flowing “in” on the
conductors at the right and “out” on those on the
left side. The lighter symbols in the single con-
ductors at the top and bottom show the direction
of the currents set up in this coil by self-induction
when the coil is shorted. The symbols shown out-
side of the conductor circles indicate the direction
of the counter E.M.F. produced in the motor wind-
ing. This counter-voltage always opposes the
direction of the applied line voltage.

]

ROTATION

Fig. 57. This sketch shows the position of the neutral plane with
respect to rotation in a motor. Compare this with Fig. 53 for
a generator.

65. POLARITY OF INTERPOLES FOR
MOTORS

Interpoles or commutating fields can also be used
on motors to improve commutation at all loads and
to eliminate the necessity of frequent shifting of
the brushes.

On a motor, these interpoles are connected in
series with its armature, the same as those of a
generator are, but the polarity of motor interpoles
must be the same as that of the adjacent main poles
in the opposite direction to rotation. This is be-
cause the self-induced voltages in the coils shorted
by the brushes in a motor are opposite to those in
a generator with the same direction of rotation.

" UNE

Fig. 58. This diagram shows the connections of the interpoles for a
two-pole generator or motor.

Iig. 58 shows the connections of the interpcles
for a two-pole D.C. motor. You will note that one
armature lead is connected directly to the negative
brush, while the other lead connects first to the
commutating field and then, through these poles,
to the positive brush.

If this connection is properly made when the
machine is assembled, it is not necessary to make
any change in the connections of the commutating
field when the motor is reversed. Either the arma-
ture current or field poles must be reversed to
reverse the rotation, so that the relation of the
commutating poles will still be correct.

This connection can be the same whether the
machine is operated as a motor or generator, be-
cause a generator rotated in the same direction as
a motor will generate current in the opposite direc-
tion through the armature. This is shown by the
dotted arrows in Fig. 58, while the solid arrows
show the direction of motor current.

As the commutating poles are in series with the
armature, this reversed current will also reverse
the polarity of the commutating field, and maintain
the proper polarity for generator operation.

These principles of commutation and interpoles
should be kept well in mind, as an efficient main-
tenance electrician or power plant operator will
never allow unnecessary sparking to damage the
brushes and commutator of machines of which he
has charge.
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D. C. SWITCHBOARDS

In power plants, substations, and industrial plants
where large amounts of electric power are generated
or used, it is necessary to have some central point
at which to control and measure this power. For
this purpose switchboards are used.

The function of the switchboard is to provide a
convenient mounting for the knife switches, circuit
breakers, rheostats, and meters which are used to
control and measure the current. The equipment
located on the switchboard is generally called
switchgear.

66. TYPES OF SWITCHBOARDS

Switchboards are of two common types, known
as panel boards and bench boards. The latter are
also called Desk-type boards.

Panel-type boards consist of vertical panels of the
proper height and width, on the face of which the
switchgear is mounted. On the rear of the board
are located the bus bars and wires which connect
the switches, circuit breakers, and meters to the
various power circuits which they control or meas-
ure the energy of. Fig. 59 shows a panel-type
switchboard for a D. C. power plant. Examine it
carefully and note its construction and the arrange-
ment of the equipment mounted on it.

Bench-type switchboards have the lower section
built like a bench with a sloping top, and above the
rear edge of the bench section is a vertical panel
which contains the instruments.

The sketch in Fig. 60 shows an end view of a
bench-type switchboard with the panels mounted on
a pipework frame. Boards of this type are used
mostly for remote-control switchboards, where the
switches and circuit breakers are operated by elec-
tro-magnets and solenoids, which are controlled by
small push-button or knife switches on the bench
portion of the board.

Another type of switchboard which is frequently
used in industrial power plants is known as the
truck type. These boards are built in separate sec-
tions, which can be drawn out on rollers for con-
venient repairs and adjustment to switchgear. Fig.
61 shows a section of a truck-type board, removed
from the main board, and showing the oil switch
and bus bars which are mounted in the frame be-
hind the front panel.

Bench-type and truck-type switchboards will be
more fully explained in a later section on A. C.
switchboards.

67. SWITCHBOARD PANEL MATERIALS

Switchboard panels are sometimes made of slate
or marble, as these materials are good insulators

and have good mechanical strength as supports for
the switchgear.

Slate is cheaper than marble and is easier to drill
and cut for mounting on the frames and for mount-
ing the switchgear. Slate is not quite as good an in-
sulator, however, and is usually not used for vol-
tages over 500 or 750.

Marble is a better insulator and can be used on
voltages up to 1100. Marble presents an excellent
appearance, but it is more difficult to keep clean. It
is also very hard to drill or cut.

A newer material recently developed for switch-
board panels, and known as ebony asbestos, has a
number of very important advantages for this work.
Tt is made of a composition material in which asbes-
tos fibre and electrical insulating compounds are
mixed and formed under great pressure into
smooth-surfaced panels.

This material has a beautiful natural black finish,
is lighter in weight, and has better insulating quali-
ties and mechanical strength than either slate or
marble. In addition to these advantages, ebony as-
bestos is also much easier to drill and cut, which
makes it easy and economical to install.

Steel panels are also coming into use for switch-
boards, and have the advantage of great strength
and durability. The switchgear on steel panels
must, of course, be insulated from the metal at all
points.

67-A. GENERATOR AND FEEDER PANELS

The common panel-type switchboards are usually
made about ninety inches high, and as wide as
necessary to provide the required space for the
equipment needed. They are practically always
built up in vertical sections or panels, each of which
is used for the control of separate circuits. Panels
of greater width are used for the main circuits or
generator circuit control, and sub-panels of nar-
rower width are used to control the separate feeder
circuits, which supply the energy to the various
lines or power circuits controlled from the switch-
board.

Fig. 59 shows two generator panels on the Tight,
and six feeder panels on the left. Note the difference
in the size of the switches and circuit breakers on
the main panels and sub-panels. By referring to
this same figure, you will also note that each verti-
cal panel is divided into three sections. This type
of construction facilitates repairs and changes of
certain equipment, without disturbing the rest of
the equipment on that panel.

For example, if the switches on a panel are to be
changed to others of different size or type, the sec-

)
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Fig. 3. This photo shows a modern panel type switchboard equipped with knife switches, meters, and circuit breakers. The two large

panels on the right are the main generator panels and are equipped with field rh and instr

t switches and much larger cir-

cuit breakers. The six smaller panels on the left are feeder or distribution panels. Examine all the parts and details of construction
of this board very carefully, and refer to this figure frequently while reading the accompanying pages.

tion containing them can be removed and a new one
drilled and inserted. It is not necessary to disturb
the other two sections, or to leave unsightly holes
in the board where the old switches were removed.

Sectional construction of panels also reduces the
danger of cracked panels which might result from
mechanical strains or vibration if larger single
panels were used.

Switchboard panel material can be obtained in
thicknesses from 14", for very small boards for light
duty, to 2” or more for large heavy-duty boards.
These panels are usually beveled on the corners of
the front side, for better appearance,

68. SWITCHBOARD FRAMES

Switchboard panels are commonly mounted on
either angle iron or pipe-work frames.

Where angle iron is used, it should be of the
proper size to give the required strength and rigidity
for proper support of the panels and switchgear,
The board should not bend or vibrate noticeably
during operation of heavy knife-switches or circuit-
breakers.

Angle iron of 114" to 3" is commonly used. It

can be cut to proper length by means of a hack saw,
and drilled for the bolts with which the panels are
attached, and also for the bolts which hold the angle
irons of adjoining panels together.

Fig. 62 shows how the panels should be bolted
to the angle irons at “h,” and the method of bolting
the angle irons together at “h2”. The panels should
be carefully marked for drilling, so they will line up
neatly and give the proper appearance when fin-
ished.

Short bolts of the proper length, with washers
and nickle-plated cap nuts, can be used to provide

.good appearance of the front surface of the board.

These bolts and nuts should be tightened suffi-
ciently to hold the panels securely, but not tight
enough to crack the corners of the panels.

The bolt holes can be drilled in the panels with
ordinary metal drills used in a breast drill or an
electric drill. Slate and marble are hard and should,
therefore, be drilled slowly or the drill should be
cooled while it is cutting. Ebony asbestos is very
easy to drill; in fact, nearly as easy as hardwood.

The lower ends of the angle irons should have
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Fig. 60. The above diagram shows an end-view of a “bench-type”
switchboard mounted on pipe frame work. This type of board is
often referred to as ‘‘desk type”.

“feet” bent in them or attached with bolts, for
secure anchorage to the floor. The upper ends
should be braced to keep the switchboard rigid.

69. PIPE FRAMES AND THEIR
ADVANTAGES

Pipe-work frames are very convenient to install,
as they do not require drilling as angle iron does.
The pipe frame-work is held together by special
clamps, as shown in Fig. 60. Fittings with holes for
the panel bolts are also provided to clamp on the
pipes. The pipes are attached to the floor with
threaded floor-flanges.

Standard pipe sizes can be used; the common
sizes being 114" to 2", or larger for very heavy
boards. Special clamp fittings can be obtained for
mounting bus insulators and various devices on the
rear of the board. Other fittings are used for attach-
ing brace pipes to secure the framework and board
in a vertical position.

Pipe-work frames are very popular and are ex-
tensively used, as they provide a very flexible frame

which can easily be adjusted to fit various panels
and devices by merely sliding the clamp fittings.
One of the pipes of the frame can be seen on the
left end of the board shown in Fig. 59.

70. KNIFE SWITCHES. TYPES

Knife switches, used for controlling the various
circuits on switchboards, are made in single, double,
and three-pole types. The smaller and medium sizes
are generally two or three-pole; but the larger ones
are generally single-pole, for greater ease of opera-
tion. Three-pole switches or three single-pole
switches are used to control the circuits of com-
pound generators, the three poles being used in the
positive, negative, and equalizer leads.

Three-pole switches are also used for circuits of
the Edison three-wire system. Other D. C. circuits
are usually two-wire, and they use either one two-
pole or two single-pole switches.

Equalizer switches are sometimes mounted on
small panels on pedestals near the generators, to
eliminate the necessity of running equalizer busses

Fig. 61. This view shows a unit of a “truck type” switchboard on
which the sections can be drawn out on rollers to make repairs and
adjustments more conveniently.
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Fig. 62. The above sketches show the method of attaching switchboard panels to the angle iron frame work. Note how the panels are
bolted to angle irons, and the angles bolted together between panels. Also note the type of bolts, nuts, and washers used with this

construction.
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to the switchboard. In such cases, the main panels
for compound generators will also use two-pole
switches.

71. CONSTRUCTION OF SWITCHES

Knife switches consist of three essential parts
called the blade, hinge, and clips. The blades are
made of flat copper bus bar material and are at-
tached to the hinges by means of short bolts and
spring washers. This fastening gives the required
tension for good contact between the blades and

hinges. and yet allows freedom of operation. See
Fig. 63.

Fig. 63. Above are shown a double-pole and three-pole knife switch.
Note carefully the construction of the switch plates, hinges, and clips.

Switch clips are made of two or more thin, springy
pieces of copper, mounted in a block. The blades
are inserted between these clips when the switch is
closed. The clips are usually slotted to make them
more flexible and allow them to make better con-
tact with the blade of the switch. These details of
construction can be observed by examination of the
switches shown in Fig. 63, and also those on the
switchboard in Fig. 59.

Switch blades are equipped with insulating hand-
les and guards on their free ends. The hinges and
clips usually have threaded studs of copper attached
directly to them, for convenient mounting on the
switchboard panels. Bus bars or cable lugs on the
rear of the board are attached to these studs by
means of extra nuts provided with them.

The switch at the left in Fig. 64 shows the studs
and the nuts used both for holding the switch on
the board and for attaching cable lugs or bus bars.
This switch and also the double-pole switch on the
right in this figure, are both of a newer type which
has double blades and single clip prongs.

Knife switches on switchboards are practically al-
ways mounted with the blades in a vertical position
and the clips at the top. This allows easier opera-
tion and prevents danger of the switch falling closed
by gravity.

Fig. 64. Single-pole and double-pole switches of a modern type. Note
the manner in which the hinges and clips are attached to the board
and the method of making cable or bus connections to the studs on
the back of the board.

72. SWITCH MOUNTING AND CURRENT
RATINGS

In mounting switches on the panels, the hinges
and clips should be carefully lined up so that the
blades will it well and make good electrical con-
tact.

All knife switches are rated in amperes according
to the copper area of their blades and the contact
area of clips and hinges. They are commonly made
in sizes from 50 amperes to one thousand ampere
capacity; and for heavy power circuits they are
made to carry 6000 amperecs or more.

You will note that a number of the switches on
the right-hand side of the switchboard in Fig. 59
have multiple blades in each pole. This gives a much
greater contact area between the blade surfaces and
hinges and clips, and also allows air to circulate
through the switches to cool them.

Fig. 65. A number of special types of knife switches are made with
auxiliary clips and blades as shown above. These two switches are
used as field discharge switches for generators.

Switches should never be loaded above their rated
capacity in amperes for any great length of time, or
they will overheat. Hinges or clips which are loose
or poorly fitted will also cause overheating of the
switch at these points. If switches are allowed to
overheat too much, the copper will become soft and
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lose the springy qualities which are necessary for
tight fitting of the clips. Overheated switches often
cause the copper clips or blades to turn a bluish
color. Switches that have been heated to this ex-
tent will probably need to be replaced.

73. CARE AND OPERATION OF SWITCHES

New switches should be carefully fitted and
“ground in” before loading. “Grinding in” can be
done by coating the switch-blades with vaseline or
oil mixed with abrasive powder, and then opening
and closing the switch a number of times. This
grinds and polishes the sides of the blades and clips
to make their surfaces perfectly parallel and pro-
vide a good contact between them.

Fig. 66-A. This photo shows a common type of air circuit breaker in
closed position. Note the manner in which the main contacts and
auxiliary contacts connect with the stationary contacts on the panel.
Never open knife-switches under heavy load, if

they have a circuit-breaker in series with them.

Opening the switch under load will draw an arc at

the point where the blades leave the clips. These

arcs tend to burn and roughen the blades and clips,
making the switch hard to operate and also destroy-
ing the good contact between the blade and clips.

Where circuit-breakers are provided they should
always be tripped open first and the knife-switch
opened afterward. This prevents arcing at the
switch and is also much safer for the operator, as
the arcs drawn by opening switches under heavy
current load may be very dangerous.

Knife-switches should be kept lubricated with a
thin film of petroleum jelly or light vaseline.

Special types of knife-switches, with snap-action
blades operated by springs, are made for use in the
shunt field circuits of generators. Field circuit
switches often have auxiliary blades to close the
field across a resistance just before the main blades
open. Such switches are called field discharge
switches. Two types of these switches are shown

in IFig. 65. Their purpose is to prevent the setting
up of high voltages by self-induction due to the
collapse of the flux around the shunt field coils when
this circuit is opened.

74. CIRCUIT BREAKERS

IFor opening heavy power-circuits in case of over-
load or short circuits, automatic circuit breakers are
commonly used. These are divided into two general
classes, known as air circuit-breakers and oil cir-
cuit-breakers. Air breakers will be described here
and oil breakers will be covered in a later section.

An air circuit-breaker is a type of electric switch
equipped with special contacts and a trip coil to
open them automatically in case of overload on the
circuit. Thus they provide for equipment the same
protection as would be afforded by fuses.

For circuits which frequently require overload
protection, circuit-breakers are much more suitable
than fuses, as the breakers can be quickly closed as
soon as the fault is removed from the circuit.

Circuit breakers are commonly made in single-
pole, double-pole, and three-pole types, and for vari-
ous current ratings, the same as knife switches are.
Figures 66-A and 66-B show two views of a single-
pole circuit-breaker. The view in 66-A shows the
breaker in closed position, and in 66-B it is shown
open.

The main current-carrying element or bridging
contact is made of a number of thin strips of copper
curved in the form of an arch and fitted closely to-
gether. This copper leaf construction permits the
ends of this main contact to fit evenly over the sur-
face of the two lugs, or stationary contacts, which
are mounted in the switchboard and attached to the
bus bars.

75. CIRCUIT-BREAKER OPERATION
When the breaker is closed by means of the

Fig. 66-B. This view shows the same circuit breaker as in Fig. 66-A,
except that it is now in open position. Again note carefully the
construction and position of the main contacts and arcing contacts.
Also note the trip adjustment on the bottom of the breaker.

®
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handle, a lever action is used to force the main con-
tact tightly against the stationary contacts under
considerable pressure,

Auxiliary arcing contacts and tips are provided
above the main contact, as shown in the figures.
The intermediate contact, or the one directly above
the main contact, consists of the heavy copper
spring with a removable copper tip. The top arcing
contact on the movable element is carried by a long
copper spring and has a removable carbon tip.

P

S

Fig. 67. This sketch shows a side-view of a circuit breaker in closed
position and illustrates the copper “leaf” construction of the main
contact. Note the copper stubs which project through the board
for connections to bus bars.

When the breaker is opened, the main contact
opens first and allows the current to continue flow-
ing momentarily through the auxiliary contacts.
This prevents drawing an arc at the surface of the
main contact and eliminates possible damage to this
contact surface, which must be kept bright and
smooth and of low resistance, in order to carry
the full load current without loss.

The intermediate contact opens next and it may
draw a small arc, because the remaining circuit
through the carbon tips is of rather high resistance.

The carbon contacts open last and the most severe
arc is always drawn from these points. Carbon
withstands the heat of the arc fairly well, and these
contacts are casily and cheaply renewed whenever
they have been burned too badly by repeated arcs.

Circuit-breakers of this type can usually be trip-
ped open by means of a small lever or button, as
well as by the automatic trip coil. When released
they are thrown quickly open by the action of
springs or gravity on their moving parts.

Fig. 67 is a sketch showing a side view of an air
breaker in which can he seen the leaf construction
of the main contact, and also the bus stubs to which
the connections are made at the rear of the board.

When a circuit-breaker is closed the contacts close
in the reverse order, the carbon tips closing first,
intermediate contact second, and the main contact
last. This construction and operation eliminates
practically all arcing and danger of pitting at the
ends of the main contacts. It is very important, how-

ever, to keep the auxiliary contacts and carbon arc-

" ing tips properly adjusted and occasionally renewed,

so that they make and break contact in the proper
order.

76. CIRCUIT-BREAKER TRIP COILS OR
OVERLOAD RELEASE

I'ig. 68 shows a single-pole and a double-pole cir-
cuit breaker which are both in closed position. The
overload coils, or trip coils, can be seen on eacl: of
the breakers in this figure. These coils are of the
series type and consist of a very few turns of heavy
copper bar or cable, inside of which is located an
iron plunger.

When the coil is connected in series with the line
and breaker contacts, any overload of current will
increase its strength and cause it to draw up the
plunger. The plunger then strikes the release latch
and allows the breaker to open.

An adjustment is provided for raising and lower-
ing the normal or idle position of the plunger so
that the breaker can be set to trip at different cur-
rents and loads. Trip coils of this type are known
as series-type overload release coils and are ccm-
monly used on breakers up to 500 amperes capacity.
The circuit-breakers shown in Figures 66-A and B
have electro-magnets and armatures which trip the
holding latches, and also an oil dash-pot to delay
the opening of. the breaker on light overloads. The
adjustments for these devices can be seen below the
hreaker in these figures.

77. SHUNT TRIP COILS AND OVERLOAD
RELAYS
[For circuit breakers of 500 amperes and more, it
is not usually practical to use series overload-coils,
because of the large sized conductor which would be
needed to carry the current.

[

Fig. 68. Single-pole and double-pole, circuit breakers, showing the over-
load trip coils and their adjusting mechanism for operation of the
breakers at different current loads.

On these larger breakers, shunt trip coils are used,
and these coils are wound with a greater number of
turns of small wire and are operated from an am-
meter shunt. Shunt trip coils are not connected
directly to the ammeter shunts, but are operated by
a relay which obtains from the ammeter shunt the
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small amount of energy needed for its coil.

The greater the current flow through ammeter
shunts, the greater will be the voltage drop in them.
This voltage drop is usually only a few milli-volts,
and as it is difficult to wind the shunt trip coils to
operate on this small fraction of a volt, overload re-
lays are generally used to close a circuit to these
coils.

The overload relay is a very sensitive instrument,
having a small coil designed to operate on a very
low voltage of 50 to 100 milli-volts; and this coil is
connected across the ammeter shunt.

The t.nsion spring on the armatures of these re-
lays is adjustable so the relay can be made to close
its contact and energize the shunt trip coil on the
breaker, at any desired current load within the range
for which the relay and breaker are designed.

78. REVERSE CURRENT RELAYS

Some circuit-breakers are also equipped with re-
verse current protection. to cause them to open in
case of reversed polarity of a generator or reversed
current flow in the line.

o
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Fig. 6). La_rge, hea_vy duty circuit breaker equip‘p’ég—vmh a motor for
automatic reclosing, after it has been tripped either by an overload,
or by remote control.

Reverse-current relays are used to trip the break-
ers to obtain this protection. These relays have two
elements or windings similar to the field and arma-
ture of a simple motor. One is called the potential
or voltage element, and the other the current ele-
ment.

The current coil or element is connected across
the terminals of the ammeter shunt. The potential
coil is connected directly across the positive and
negative leads or busses and serves to maintain a
constant field flux. ,

The direction of current through the current ele-
ment or moving coil of the relay is determined by
the direction of current through the ammeter shunt.
When the current through the ammeter shunt is in
the normal direction, the moving coil tends to hold
the relay contacts open and keep the shunt trip-coil
of the circuit-breaker de-energized.

If the current through the ammeter shunt is re-
versed this will reverse the polarity of the voltage
drop across the shunt and send current through the
movable element of the relay in the opposite direc-
tion. This reverses its torque and causes the coil
to turn in a direction which closes the relay con-
tacts and energizes the shunt trip-coil which trips
the breaker.

These relays are also adjustable so they can be
set to open the circuit-breaker at the desired amount
of reversed current.

79. CIRCUIT-BREAKER CARE AND MOUNT-
ING

Circuit-breakers are one of the most important
pieces of switchgear and afford a great deal of pro-
tection to the electrical machinery on their circuits
as well as to operators. They should be kept in good
repair and adjustment, and should be frequently
tested to be sure that they will open freely and
quickly when necessary. The main contacts should
be kept clean and well fitted, and arcing contacts
should be renewed when badly burned. Operating
springs and trip coils should be kept carefully ad-
justed.

Heavy-duty circuit-breakers require considerable
force on the handle to close them, and also deliver
quite a shock to the switchboard when they fly open.
For this reason, switchboard panels carrying heavy
breakers should be thick enough and sufficiently well
braced to provide a rugged mounting for the
breaker, and to prevent vibration of the board when
the breaker is operated.

Fig. 69 shows a large circuit-breaker which also
has a motor for automatically reclosing it. Such
reakers can be equipped for remote control by the
operator or for automatic reclosing by a time cle-
ment or relay, after the breaker has been tripped
open for a certain definite period.

80. INSTRUMENT SWITCHES

In addition to the knife switches and circuit-
Dreakers, special switches are used for the switch-
ing and control of motor circuits. These may be of
the plug type, pull and push button type, or rotary
button type. These switches are mounted in open-
ings drilled through the board, so that the handles
or buttons project from the face of the board; and
the switch element is mounted on the rear for con-
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Fig. 70. Instrument switches of the above types are frequently used for
changing the connections of various meters to different switchboard
panels and busses.

venient connections to the smaller wires of instru-

ments and relays.

Fig. 70 shows two instrument switches of the pull
and push type in the upper view and one of the plug
type in the lower view.

81. BUS BARS. MATERIALS AND MOUNT-
ING

Copper bus bars are commonly used for connect-
ing together the various switches, circuit breakers,
and heavy power circuits on switchboards. Long
busses are usually mounted on insulators attached
to the rear of the switchboard frame or panels, while
short lengths may be supported by the studs or
bolts to which they connect.

Bus bars are generally run bare for the lower
voltages up to 750 or, in some plants, even higher.
Busses for higher voltages can be wrapped with
varnished cloth or friction tape after they are in-
stalled.

Copper bus bar materials can usually be obtained
in sizes from 4" to 1" in thickness, and from 1” to
4", or even 6” wide. When very heavy currents are
to be carried, several bus bars are usually run in
parallel and mounted with their flat sides vertical,
as shown in the right-hand view in Fig. 71.

This arrangement of the busses allows air to cir-
culate freely through them and helps to keep them
cool. The view on the right in Fig. 71 shows two
separate busses, “A” and “B”, each consisting of
three bars. One sect is the positive bus and one is
negative. DBoth sets are mounted in a base of in-
sulating material, shown at “C”, and supported by
metal brackets attached to the switchboard frame.

The insulation used for mounting and spacing
the bars can be hard fibre, slate, bakelite, or ebony
asbestos. :

In the left view in Fig. 71 is shown a single bus
bar supported by a porcelain bus insulator.

Busses of opposite polarity and for voltages up to
750 should be spaced several inches apart wherever
possible. When they are run closer together they
should be well mounted and braced so they cannot
easily be bent or vibrated together.

82. CONNECTING BUS BARS TOGETHER

Where bus bars are joined together, they can be
fastened either by means of bolts through holes
drilled in the copper or by bus clamps which do not
require drilling the bars.

Fig. 72 illustrates the use of a common type bus
clamp, consisting of two triangular pieces with three
holes for the bolts which draw the parts of the
clamp up tightly and grip the bars together. These
clamps are very easy to install, as they do not re-
quire any drilling of the bars.

Copper bus bars can be cut to the proper length
with a hack saw; and where bolts are used for con-
nections the bars can be drilled with an ordinary
metal drill.

I'ig. 73 shows the method of connecting bus bars
to the studs of switches or circuit-breakers, by
means of two nuts and a short strip of bar con-
nected to the main bus by a clamp. All joints and
connections in bus bars should be made tight and
secure, to avoid overheating when the current flows
through them. Where the sections join the copper
should be well cleaned of all dirt and oxide.

Copper bus bars of the smaller and medium sizes
can be easily bent to various angles where neces-
sary, but care should be used not to bend the cor-
ners too sharply and cause the bar to crack.

In locations where the busses are well ventilated,
it is common practice to allow about 1000 amperes
per square inch’ of cross-sectional area of the bars.

83. EXPANSION JOINTS OR LOOPS IN
BUSSES

Where long busses are run, some allowance
should be made for expansion and contraction with
changes in temperature, or sufficient strains may be
set up to warp the busses or crack the switchboard
panels by twisting the studs.

A special loop or “U”-bend is sometimes put in a
long bus to absorb this expansion in the spring of
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Fig. 71. The above diagrams show methods of mounting and installing
bus bars on the back of switchboards.
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Fig. 72. Bus bars can be connected together by means of special clamps as shown above. These clamp pieces are held securely gripped to the
busses by means of short bolts through the holes in their three corners. Clamps of this type save the trouble of drilling the copper

busses.

the bend. In other cases, bus ends can be overlapped
and held fairly tight with two bus clamps, but not
tight enough to prevent the lapped ends from sliding
on each other under heavy strains. One or more
short pieces of flexible cable can then be connected
around this joint to carry the current without heat-
ing. The cable ends should be soldered into copper
lugs, and these securely bolted to the bus on each
side of the slip joint.

84. SWITCHBOARD LAYOUT AND
CIRCUITS

It is not a difficult matter to lay out and erect an
ordinary switchboard for a small power plant or
distribution center.

A plan should be laid out on paper for the re-
quired number of circuits. The desired switches,
circuit-breakers, and meters for the control and
measurement of the power, should be included in
this sketch or plan.

After the load has been determined for the vari-
ous circuits, the size of the switches and devices
for the proper current ratings can be obtained from
the manufacturer’s specifications.

Panels can then be selected large enough to hold
these devices in neat, uncrowded arrangement.

The simplest type of switchboard would at least
contain switches for each of the main circuits and
feeder circuits. There should also be on each of
these circuits some form of overload protection,
such as fuses or circuit-breakers.

On circuits of not over 500 amperes capacity and
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Fig. 73. Two views showing the method of connecting bus bars to the
N studs of switches and circuit breakers.

which are very seldom subject to overload, cartridge
fuses will provide economical overload protection.

On heavy power circuits or any circuits which are
subject to frequent overloads or occasional short
circuits, circuit-breakers should be used. Circuit-
breakers eliminate the replacement of fuse links and
enable the circuit to be closed back into operation
more quickly.

Usually it will be desired to measure the load in
amperes on some of the circuits, if not on all of them.
Ammeters of the proper size should be used for this
purpose.

Where only one generator is used, one voltmeter
may be sufficient to check the voltage of the main
busses. Where several generators are operated in
parallel, we will need one voltmeter for the main
bus and probably one for each generator, in order
to check their voltages before connecting them in
parallel.

Sometines one extra voltmeter is used for check-
ing the voltage of any one of the generators which
is being started up. This is done by the use of a
voltmeter bus and plug switches for connecting the
meter to whichever machine is being started up. A
meter used in this manner is often mounted on a
hinged bracket at the end of the switchboard, as
shown in Fig. 59.

Wattmeters are often used to obtain instantane-
ous readings of the power in certain circuits. Watt-
hour meters may be installed for showing the total
power consumed per hour, per day, or per month,
on any circuit.

In medium and larger sized plants, recording
voltmeters and ammeters are often used to keep a
daily record of the voltage and current variations.
These instruments will be explained in a later sec-
tion on D. C. meters.

85. SWITCHBOARD WIRING

Fig. 74 shows a wiring diagram for a simple D. C.
switchboard with three panels, as shown by the
dotted lines. The main generator-control panel is
on the left, and contains the main switch, circuit-
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Fig. 74. The above diagram shows the wiring and equipment for a
simple switchboard with one generator panel and two distribution
panels.

breaker, voltmeter, ammeter and shunt, and the
shunt field rheostat.

The two feeder panels on the right merely have
switches and circuit breakers in each circuit.

Note that the circuit breakers and knife switches
are in series in each circuit; so that, when the
breaker in any circuit is tripped, there will be no
current flowing through the switch.

The coils in series with each pole of the circuit-
breakers are the series overload-release coils, which
trip the breakers in case of an overload of current.

Note that the voltmeter is connected on the gen-
erator side of the main switch, so a reading of the
generator voltage can be obtained before the ma-
chine is connected to the busses.

Fig. 75 shows a wiring diagram for a switchboard
with two generator panels and two sub-panels or
feeder panels. A number of feeder panels could be
added to either side of this board if necessary.

Equalizer connections are shown for the genera-
tors, which are compound and are to be operated in
parallel.

The circuit-breaker trip-coils are not shown in
this diagram.

Circuits for switchboard instruments and meters
which do not require heavy currents, are usually
made with No. 12 or No. 14 switchboard wire, which
has white colored slow-burning insulation. These
wires can be held on the back of the board with
small metal clamps and screws.

Examine the wiring and check the locations and
connections of the various devices shown in Fig. 75.

86. LOCATION OF METERS AND SWITCH-
GEAR

Refer again to Fig. 59 and note the positions and
arrangement of the various switchgear and devices
on the board. Knife switches are usually mounted
so their handles come about in the center of the
board height, or a little lower, as this height is very
convenient for their operation. Watthour and re-
cording meters are frequently mounted along the
lower panel-sections, underneath the knife switches.

Voltmeters and ammeters are usually placed
above the knife switches, at about eye level or a
little above, so they can be easily read.

Circuit-breakers are commonly placed at the top
of the board, so any smoke or flame from their arcs
cannot reach other instruments or blacken and burn
the switchboard.

When air circuit-breakers open under severe over-
loads or short circuits, they often draw long, hot
arcs. The flame, heat, and smoke from these arcs
are driven upward by their own heat. Therefore,
if meters or instruments were located above the
breakers and close to them, they would be likely
to be damaged.

Mounting the breakers at the top of the boards
also places them up high enough so operators are
not likely to be bumped or burned when the
breakers fly open or, as we say, “kick out”.

P0S. BUS BAR i
NEG. BUS BAR Pl
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Fig. 75. Wiring diagram for a D. C. switchboard with two main gen-
erator panels and two or more feeder panels. Additional feeder
panels would be connected to the board and busses the same as the
two which are shown. Note carefully the arrangement of all of
the parts and circuits shown in this diagram.
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DIRECT CURRENT METERS

Electrical meters are used for accurately meas-
uring the pressure, current, and power in various
electrical circuits. There are a great number of
types of meters, some of which are used only in
laboratory work and others that are more com-
monly used in every-day work by the practical man.

These latter types are the ones which we will
principally consider in this section. The meters most
frequently used by electricians and operators are
the voltmeter, ammeter, and wattmeter. These in-
struments are made both in portable types and for
switchboard mounting.

87. TYPES OF METERS

The portable meters are used for convenient test-
ing of machines and equipment wherever they are
located, while the switchboard types are perman-
ently mounted on switchboards for measuring the
energy of certain circuits on these boards.

Voltmeters and ammeters are also made in record-
ing types, which keep a record of their various read-
ing throughout certain periods of time.

Wattmeters are divided into two general classes,
called indicating and integrating.

The indicating instrument merely indicates the
power in the circuit at any instant at which it is
read. Integrating wattmeters, or watthour meters
as they are commonly called, keep summing up the
total amount of energy in kilowatt hours which is
used throughout any certain period of their opera-
tion.

83. PARTS AND CONSTRUCTION OF D. C.
METERS

Most meters operate on magnetic principles or
use the magnetic effect of electric currents to pro-
duce the movement of the meter needle.

Ordinary D. C. voltmeters and ammeters, consist
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Fig. 76. The above view shows the important parts of a D. C. voltmeter.
Note the horse-shoe magnet which provides the magnetic field in
which the movable coil rotates. The movable coil with the pointer
attached can also be seen between the magnet poles.

of a permanent magnet of horse-shoe shape which
supplies a magnetic flux or field, a delicately bal-
anced coil of fine wire which is rotated in this field,
a pointer, scale, and case.

Fig. 706 shows the principal parts of a meter of
this type, with the case or cover removed. The
poles of the permanent magnet are equipped with
pole shoes which have curved faces to distribute the
flux evenly over the rotating element. In the center
of the space between the magnet poles can be seen
a round soft iron core which aids in concentrating
and distributing the magnetic field over the space
in which the coil moves. The needle is attached to
this rotating or moving element so it will swing
across the scale when the coil is rotated. This type
of construction is known as the D’Arsonval, be-
cause it was first developed by a Frenchman named
D’Arsonval.

Fig. 76-A shows a separate view of the moving
coil with the needle attached. Also note the
small coil-spring on each end of the moving coil.
This coil is usually wound with very fine wire on a
light-weight aluminum frame, the shaft of which is
then set in jeweled pivots made of first-grade sap-
phires. These pivots make it possible for the coil
to move with an extremely small amount of energy
which makes the instrument very sensitive and ac-
curate.

89. OPERATING PRINCIPLES OF D. C.
VOLTMETERS AND AMMETERS

The operating principles of meters of this type are
very similar to those of a D. C. motor. When a
small amount of current is sent through the turns of
the moving coil, it sets up around this coil a flux
which reacts with the flux of the permanent magnet
field and exerts torque to turn the moving coil
against the action of the fine coil springs. The coil
springs tend to hold the pointer, in normal or zero
position, usually at the left side of the scale.

The greater the current passed through the mov-
ing coil, the stronger will be its flux; and the re-
action between this flux and that of the permanent
magnet will tend to move the needle across the
scale, until the magnetic force is balanced by the
force of the springs.

The amount of voltage applied to the coil will de-
termine the amount of current flow through it. So
the distance that the pointer is moved across the
scale will indicate the amount of voltage or cur-
rent in the circuit to which the meter is attached.

The same type of meter element can be used for
either a voltmeter or ammeter, according to the
manner in which the instrument is connected to the
circuit to be measured.

The permanent magnets used with good-grade
meters are made of the best quality of steel, and are
usually aged before they are used in the meters.
This aging process leaves them with a certain
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amount of magnetic strength, which they will retain
for very long periods without noticeable weakening.
The pole shoes are made of good-grade soft iron
to provide a low reluctance path for the fiux of the
permanent magnets. An additional stationary core
of soft iron is often placed within the rotating coil,
to provide a better magnetic path between the pole
shoes, and to more evenly distribute the flux.

Fig-76-A. An excellent view of the movable coil, pointer and spring
of a D. C. meter.

90. DAMPING OF METER NEEDLES OR
POINTERS

As the aluminum coil-frame is rotated through
the flux of a meter of this type, small eddy currents
are induced in the frame. These tend to set up a
damping effect which slows or retards the rapid
movement of the coil and needle, making the instru-
ment more stable and preventing the needle from
vibrating back and forth with small fluctuations in
the voltage or current.

Some instruments have a light-weight air-vane
attached to the needle, to provide a further damping
effect and to prevent the needle from striking
against the case at the end of the scale when sudden
increases occur in the voltage or current of the
circuit.

Small rubber cushions, or “stops”, mounted on
light wire springs are usually provided at each end
of the scale to limit the needle travel and prevent
it from striking against the case. These stops can
be seen in Fig. 76.

Meter scales are usually printed in black on a
white cardboard background, and are located di-
rectly behind the pointers, as shown in Fig. 77.

To obtain very accurate readings, some instru-
ments have a mirror strip parallel to the scale and
directly behind the pointer. In reading a meter of
this type, one should stand in such a position that
the pointer covers its own reflection on the mirror.
This eliminates viewing the meter from an angle
and perhaps reading the voltage or current at a
scale line which is not directly under the pointer.

The instrument shown in Fig. 77 is one for
switchboard use and is designed to be mounted
flush with the surface of the board by setting the
case in an opening cut in the switchboard panel.
This meter is provided with a marker, or additional
black needle with a round head, which can be set

in any desired position on the scale by turning the
button on the front of the case. This makes it
casy to tell when the voltage of the generator or
circuit has reached normal value, as the moving
needle would then be directly over the marker.

91. CARE AND ADJUSTMENT OF METERS

Because of the delicate construction of the mov-
ing coils and the manner in which they are mounted .
in jeweled bearings, clectric meters should be very
carefully handled when they are being moved
about; because, if they are dropped or severely
jarred it may damage the mechanism and cause
their readings to be inaccurate. Jarring also tends
to weaken the permanent magnets. Meters should
not be mounted where they are subject to severe
vibration or mechanical shocks.

On many meters adjustments are provided by
means of which the tension on the coil spring can
be regulated by a small screw, thereby correcting
any slight inaccuracies in the meter reading. Pivot
screws should be kept tight enough to prevent too
much end play of the shaft and coil, but never tight
enough to keep the coil from moving freely.

92. VOLTMETERS

When meter elements of the type just described
are used for voltmeters, the moving coil is con-
nected in parallel, or across the positive and nega-
tive wires of the circuit on which the voltage is to
be measured.
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F.g. 77. Switchboard type voltmeter for mounting flush with the sur-
face of the board. No e the stationary index pointer or marker,
to indicate when full voltage is reached by the movable pointer.

It is difficult to wind a sufficient number of turns
on the moving coil to have high enough resistance
to stand the full line voltage on ordinary power
and light circuits. For this reason, special resist-
ance coils are connected in series with the moving
coil element and the meter terminals, as shown in

Fig. 78.
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These resistance coils limit the current flow
through the meter to a very small fraction of an
ampere, and thereby allow the meter clement to
be constructed of light weight and as delicately
balanced as required for accuracy. Voltmeter re-
sistance coils can be located either inside the case
or outside. Portable instruments usually have them
located within the case, while with switchboard
instruments the resistance coils are sometimes
mounted on the back of the switchboard behind
the instrument.
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Fig. 78. This diagram shows the parts also the connections for a
D. C. voltmeter.

By changing the number of these coils in series,
or by changing their size and resistance, we can
often adapt the same meter element for use on
circuits of different voltages. \When a meter is
changed in this manner to operate on a different
voltage, a different scale will probably also be
required.

Fig. 79 shows a view of the inside of a voltmeter
in which are mounted four resistance coils that are
connected in series with a meter element.

Fig. 80 shows two types of external voltmeter
resistance coils that can be used for mounting on
the rear of the boards with voltmeters for switch-
board use. \With these resistance coils in series
with the voltmeter element, it requires only a few
milli-volts across the terminals of the moving coil
itself to send through it enough current to operate
the meter. Therefore, when the instrument is used
without the resistance coils it can be connected
directly to very low voltage circuits of one volt
or less, and used as a milli-volt meter.

Whether it is used with or without the resistance
coils, the strength of the flux of the moving coil
and the amount of movement of the needle will
depend entirely upon the voltage applied, because
the current through the coil is directly proportional
to this voltage.

Any type of voltmeter, whether for portable or
switchboard use, should always be connected across
the circuit, as shown in Fig. 81 at “A”.

93. AMMETERS AND AMMETER SHUNTS

The construction and parts of an ordinary D.C.
ammeter are the same as those of the voltmeter.
When the instrument is used as an ammeter, the
terminals of the moving coil are connected in paral-
lel with an ammeter shunt, and this shunt is con-
nected in series with the one side of the circuit to
be measured, as shown in Fig. 81-B.

The ammeter shunt is simply a piece of low
resistance metal, the resistance of which has a fixed
relation to that of the ammeter coil. The load
current in flowing through this shunt causes a
voltage drop of just a few milli-volts and this is
the voltage applied to the terminals of the ammeter
coil.

In other words, the meter element simply meas-
ures the milli-volt drop across the shunt; but, as
this drop is always proportional to the current
flowing through the shunt, the meter can be made
so that the load in amperes can be read directly
from the meter scale.

This principle can Dbe explained by another
method, as follows: We know that electric current
will always divide through any number of parallel
paths which it is given. As the ammeter shunt is
connected in parallel with the instrument coil and
is of much lower resistance than this coil, the
greater part of the load current passes through the
shunt, and only a very small fraction of the current
flows through the meter coil.

The use of a shunt in this manner eliminates the
necessity of constructing meter coils large enough
to carry the load current. This would be practically
impossible on meters of this style for heavy duty
circuits. Shunts also make possible the use of the
same type of moving coil element for either am-
meters or voltmeters.

VC";;\N TR

y

m
y
i

Fig. 79. The .above view shows a D. C. voltmeter of a slightly different
type, with the case removed to show the resistance coils which
are connected in series with the movable element.
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Fig. 80. External resistors for use with voltmeters and wattmeters.
Resistors of this type are to be mounted outside the meter case,
and usually on the rear of the switchboard

Ammeter shunts for portable instruments are
usually mounted inside the instrument case; and
for switchboard instruments on heavy power cir-
cuits, the shunt is usually mounted on the rear of
the switchboard.

To obtain accurate readings on the meters, am-
meter shunts should be made of material the re-
sistance of which will not change materially with
ordinary changes in temperature, as the shunt may
become heated to a certain extent by the flow of
the load current through it. The material commonly
used for these shunts is an alloy of copper, manga-
nese, and nickle, and is called “manganin”. This
alloy has a temperature co-efficient of almost zero;
in other words, its resistance doesn't vary any ap-
preciable amount with changes in its temperature.
Manganin is used also because it doesn’t develop
thermo-electric currents from its contact with the
copper terminals at its ends.

Ammeter shunts for use with D.C. ammeters are
made in sizes up to several thousand amperes
capacity. Fig. 82 shows several sizes and types
of these shunts. Note the manner in which the
strips of alloy are assembled in parallel between
the bus connector stubs. This allows air circulation
through the shunt to cool it.

94, CONNECTION OF AMMETERS AND
SHUNTS

Remember that ammeter shunts or ammeters
must always be connected in series with the line
and never in parallel. The resistance of meter
shunts is very low and if they were connected in
parallel across positive and negative wires of a
circuit, they would produce a severe short circuit,

which on heavy circuits would be dangerous to the
person connecting the meter and would at least
blow the fuse and kick out circuit breakers. It
would also probably burn out the meter or destroy
the shunt.

IFig. 83 shows a common type of portable meter,
such as is used in testing various electrical machines
and circuits. The protective case and convenient
carrying handle make these instruments very handy
for use on the job. Voltmeters, ammeters, and
wattmeters of this type are very essential in any
plant where a large number of electric machines
are to be maintained.

Load

¢

Fig. 81. This diagram shows the proper methods of connecting volt~
meters and ammeters to electric circuits. Note carefully the man-
ner of connecting voltmeters in parallel with the line and am-
meters or their shunts in series with the line.

Testing the voltage and current of motors of
different sizes will often disclose an overload or
defective condition in time to prevent a complete
burnout or serious damage to the machine windings.

Some portable instruments have two separate
elements in the case and two separate scales, one
for a voltmeter and one for an ammeter. Portable
instruments of this type are very convenient for
tests, but extreme care must be used to be sure to
connect the voltmeter terminals in parallel and the
ammeter terminals in series with any circuit to be
tested.

-

Fig. 82. The above photo shows several sizes and types of ammeter
shunts which are generally used with ammeters where heavy loads
are to be measured.
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Fig. 83. Portable meters of the above type are very convenient and
necessary devices for the practical electrician to use in testing
various machines and circuits.

D. C. meters must be connected to the line with
the proper polarity, and their terminals are usually
marked “positive” and “negative”, as shown in Fig.
84. If meters of this type are connected to the
line with wrong polarity, the needle will tend to
move backwards and will be forced against the stop
wire or the meter case at the zero end of the scale.

The meter shown in Fig. 84 is another type of
switchboard meter for surface mounting. This
instrument doesn't require cutting any opening in
the switchboard panel, since the meter is mounted
flat against the front surface of the panel.

I'ig. 85 shows another type of switchboard meter
commonly used in power plants. Meters of this
style often have the scale illuminated by electric
lamps placed behind it. This makes the meter
easier to read when the operator is some distance
away, or working at the other end of the switch-
board.

These meters are often mounted on a hinged
bracket at the end of the switchboard so that they
can be seen from any point along the board.

95. INDICATING WATTMETERS

Wattmeters, as previously mentioned, are used
for measuring the power of circuits in watts. As
this power is proportional to both the voltage and
amperage of the circuit, wattmeters use two coils,
one of which is known as the voltage or potential
element, and the other as the current element.

The potential element is connected across the
line, similarly to a voltmeter coil: while the current
element is connected in series with one side of the
line, similarly to an ammeter coil.

A diagram of the internal wiring and the con-
nections of a wattmeter is shown in I'ig. 86.

The potential coil is the miovable element and
is wound with very fine wire and connected in series
with resistance coils, similarly to those used in the
voltmeter. As this coil is connected across the
line, the strength of its flux will always be pro-
portional to the line voltage.

The current clement is stationary and consists
of a few turns of larger wire. As this coil is con-
nected in series with the line, its strength will be
proportional to the load and the current which is
flowing. This current element supplies the field
and takes the place of the permanent magnet used
in voltmeters and ammeters.

As the turning effort, or torque, exerted on the
movable coil is the result of reaction between its
flux and the flux of the current element, the pointer
movement will alwavs be proportional to the
product of these two fields and will, therefore, read
the power in watts directly from the scale.

The coils of these instruments are not wound on
iron cores but are wound on non-magnetic spools
or in some cases the wires are stiff enough to hold
their own shape in the coils. Wattmeters of this
same design can be used on either D.C. or A.C,,
as they will read correctly on A.C. circuits if the
reactances of both the moving and stationary coils
are equal.

Wattmeters are designed for different amounts
of voltage and current ‘and should never be used
on circuits with a greater amount of power in watts
than they are rated for, nor circuits with higher
voltage or heavier currents than the instruments
are designed for.

Fig. 84. Switchboard type ammeter for surface mounting. This meter
does not require any large opening to be cut in the switchboard
panel.

The terminals for the potential and current ecle-
ments can be distinguished by their size, as those
of the current element are usually much larger than
those of the potential element. Extreme care should

D)
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96. WATTHOUR METERS

The common type of meter used in homes, fac-
tories, and power plants for measuring in kilowatt
hours the total amount of power used during any
certain period, is known as a watthour meter.

Fig. 85. The above view shows a large voltmeter of the type com-
monly used on power plant switchboards. The scale of these meters
can be illuminated with lamps placed behind them so the meter can
be read from any place along the board.

These meters have a current and potential ele-
ment somewhat similar to those in the indicating
wattmeter. The potential eclement, however, is
allowed to revolve continuously, like the armature
of a D. C. motor, as long as there is any load on the
circuit line to which the meter is attached.

This element is not limited to a fraction of a
turn by the coil springs, as in the case of indicating
meters, but is mounted on a vertical shaft set in
jeweled bearings and is free to revolve completely
around, with the application of very small torque.

This rotating element is connected to a series
of gears which operate the hands or pointers on
the clock-like dials of these instruments. The cur-
rent element consists of a few turns of large wire
and is connected in series with the line, or in parallel
with an ammeter shunt which is connected in series
with the line. This stationary current coil provides
a magnetic field similar to that of a D.C. motor,
and in which the potential coil or armature element
rotates.

97. PRINCIPLES OF WATTHOUR METERS
The potential element, being connected across the

Resistance

Fig. 86. This diagram shows the potential and current coils of a watt-
meter. Note the manner in which each of these elemenis are con-
nected in the circuit. The movable coil is shown in a sectional
view so you can observe the direction of current through its
turns and note how the flux of this movable coil will react with
that of the current coils and cause the pointer to move.

positive and negative leads of the line, is always ex-
cited and has a very small current flowing through
it as long as it is connected to the circuit. This
coil usually has additional resistance coils placed
in series with it, to limit the current flow to a very
small value. Therefore it doesn’t waste any appre-
ciable amount of current by being permanently
connected across the line.

As long as no load current is flowing through
the line and the current element of the meter, there
is no field flux for the flux of the potential coil to
react with, and so it doesn’t turn. As soon as load
is applied to the line and current starts to flow
through the stationary coils, it sets up a field which
reacts with that of the potential coil, causing the
latter to start to turn.

The greater the load of current, the stronger will

Fig. 87. This view shows the current coils, resistor coils, and general
construction of a cammon type wattmeter.
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be this field and the faster will be the rotation of
the potential element or armature. This will cause
the pointers on the dials to revolve faster and total
up power more rapidly. The longer the load is
left on the circuit, the farther these pointers will
be revolved and the greater will be the total power
reading.

98. CONSTRUCTION OF POTENTIAL AND
CURRENT COILS

Fig. 88 shows three views of the armature or
potential element of a watthour meter, both partly
wound and completely wound. The coils of fine
wire are wound on a drum or hollow ball of light
weight non-magnetic material and are held in place
by a coating of insulating compound. You will
note that they are wound similarly to the coils of
a simple D.C. motor armature. The leads of the
coils are brought up to a very small commutator
located on the top end of the shaft at the right.

Fig 88. The above photo shows several potential or armature coils of
watthour meters and illustrates the manner in which they are
wound.

Iig. 89 shows both the current coils and poten-
tial coil of a watthour meter. The current coils
are wound of heavy copper strip and are each
divided in two sections. They are mounted close
to the potential or rotating element, which can be
seen just inside of them. You will note at the top
of this figure the very small metal brushes mounted
on wire springs and in contact with the small com-
mutator to which the leads of the potential element
are attached. Directly above this commutator is
the small wormgear which drives the series of small
gears that operate the dials. The brushes of the
meter are connected in series with the proper re-
sistance coils and then across the line wires, and
they complete the circuit through the potential ele-
ment, or armature, of the meter.

These brushes are commonly made of silver or
some very good conducting material, in order to
prevent resistance and voltage drop at the brush
contact with the commutator.

99. DAMPING DISK AND MAGNETS

The speed at which the armature of the watthour
meter will rotate depends upon the voltage applied
to the potential element and the current flowing
through the current element. Because of the very
slow speed at which this armature revolves, its

Fig. 8. This view shows the potential and current coils and also the
commutator and brushes of a watthour meter.

speed is not regulated by counter-E.M.F., as arma-

tures of direct current motors are.

In order to prevent over-speeding and to make
the driving torque remain proportional to the power
applied, the motor armature must have some damp-
ing or retarding effect to oppose the torque exerted
by the magnetic fields. This counter-torque is ob-
tained by mounting a thin aluminum disk upon the
lower end of the armature shaft, and allowing it
to rotate in the field of one or more permanent
magnets of the horse-shoe type. This disk and the
damping magnets can be seen in the lower part of
the meter, shown in Fig. 90 with the cover removed.

As the aluminum disk is rotated, it cuts through
the lines of force from the magnet poles and this
generates eddy currents in the disk. The reaction
between the flux of these eddy currents and that
of the magnets tends to oppose rotation, just as
placing a load upon a generator will produce
counter-torque and require effort from the prime
mover to turn it.

The induced eddy currents will be proportional
to the speed of rotation of the disk and, as the flux
of the permanent magnets is constant, the counter-
torque exerted by the disk will be proportional to
the product of the flux from these eddy currents
and that from the permanent magnets.

When the load on the meter is increased, the
speed of its armature increases, until the counter-
torque developed by the disk just balances the
torque exerted by the armature. In this manner,
the armature speed is maintained proportional to
whatever load is applied to the meter, causing the
pointers on the dials to read the correct power in
kilowatt hours.

This type of meter is often referred to as a watt-
hour meter, but the gears and speed of most of
them are so adjusted and of the proper ratio so that
the readings will be in kilowatt hours, instead of
watt hours,
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100. ADJUSTING DAMPING EFFECT

The amount of damping effect produced by the
disk can be adjusted by moving the poles of the
permanent magnets in or out along the disk. If
the poles are moved closer to the outer edge of
the disk where it will cut their flux at higher speced,
a greater amount of eddy current will be induced
and cause a greater damping cffect, and if the mag-
net poles are moved closer to the shaft where the
disk is traveling at lower specd, the induced eddy
currents will be less, and the damping effect will
be reduced. ‘

101. COMPENSATING COIL

No matter how carefully the armature of a meter
of this type may be mounted, there is always a
slight amount of friction to offer resistance to its
rotation. Some of the energy produced by the
meter coils will be required to overcome this fric-
tion and the friction of the gears on the dials.

Fig. 90. Complete view of a KW-hour meter with the cover removed
clearly showing the dials, current and potential coils, compensating
coil, damping disk, and drag magnets.

In order to make a meter register accurately on
light loads, this friction should be compensated for.
This is done by means of a coil consisting of many
turns of fine wire, connected in series with the
armature or voltage coil of the meter. This com-
pensating coil is mounted on an adjustable bracket
in a position where its flux will react with that of
the potential and current coils.

This coil can be scen in front of the current coils
and armature of the meter shown in Fig. 90. By
having this coil adjustable, it can be moved closer
to or farther from the meter coils and its effect can

be accurately adjusted so it will just compensate
for the friction, and no more.

Sometimes these coils have a number of taps
provided at various sections of the winding and
also a small switch to shift the connections to in-
clude more or less of the turns of the coil. This
also provides an adjustment of the amount of torque
the coil will exert to overcome friction.

Fig. 91 shows the coils and connections of a D.C.
kilowatt-hour meter. You will note in this figure
that the friction compensating coil is connected in
series with the armature and resistance coil, and
this group are connected across the positive and
negative line wires.

Current coils are connected in series with one
side of the line so they will carry the full load
current. The terminals of a watthour meter of this
type are usually marked for the line and load con-
nections, and these connections must, of course, be
properly made so that the meter will run in the
right direction.

102. WATT-HOUR CONSTANT AND TIME
ELEMENT

A given amount of power in watts must pass
through a watthour meter to produce one revolu-
tion of the armature and disk. For example, it
may require a flow of energy representing 6 watt-
hours, or the equivalent of 6 watts for one hour,
to produce one revolution of the meter armature.
This amount would be termed the watthour con-
stant of the meter.

Knowing the number of watts per revolution, it
only remains to get the total number of revolutions
during a certain period of time, in order to know
or measure the total amount of energy passed
through the meter during that time. As each revo-
lution of the armature is transmitted to the gears
which operate the pointers on the dials, the total
power in kilowatt hours can be read directly from
these dials.

Commutator

Brush

Friction
Cornp:’nsatmci
Coil

Resistance

Load

Aumimum -Disk

Fig. 91. This diagram shows the coils and circuits of a KW-hpur
metelr :nd the manner in which they are connected to the line
and load.

The operation of the gears and dials or register-
ing mechanism is very simple. The worm-gear on
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the upper end of the armature shaft is meshed with
the teeth of a gear which is the first of a row or
chain of gears all coupled together. This gear has
attached to it a small pinion which meshes with
the teeth of the next gear and drives it at 1, the
speed of the first one. This second gear, in turn,
drives the third gear 1/10 as fast as it .runs, and the
third drives a fourth, the speed of which is again
reduced to ten times lower than the third one.

Referring to Fig. 90, when the pointer on the
right has made one complete revolution, the pointer
on the next dial to the left will have travelled just
one division or one-tenth of a revolution.

When the first pointer has made ten revolutions.
the second one will have completed one revolution,
and the third pointer will have moved one point.
When the first pointer completes 100 revolutions.
the second will have completed 10; and the third
will have completed one revolution.

In this manner the first dial will have to make
1000 revolutions to cause the left-hand dial to com-
plete one revolution.

Fig. 92. The above sketches, A, B, C, show the dials of a kilowatt-
hour meter in three different positions. If you will practice read-
ing each set of these dials with the instructions here given, you
will be able to easily and accurately read any KW-hour meter.

103. READING WATTHOUR METERS

By noting the figures at which the pointers stand,
in order from left to right, we can read the
kilowatt hours indicated by the meter. Some mme-
ters used on larger power circuits are adjusted so
that their dials and pointers don’t show the amount
of power directly, but provide a reading which must
be multiplied by some certain figure, such as 10,
20, or 50, to obtain the correct total reading. This
figure is called a constant or multiplier, and it
should be used whenever reading a meter of this
type. This constant, or multiplier, is usually marked
beneath the dials of the meter.

When reading kilowatt-hour meters, we should
always read the last number which has been passed
by the pointer on any dial. Some care is required

!

in doing this until one has had enough practice to
do it automatically. If each dial is not carefully
observed, mistakes will be made; because each
adjacent pointer revolves in the opposite direction
to the last, as can be seen by the numbers marked
on the dials shown in Fig. 92-A.

When the pointer is almost directly over one
of the numbers, there may be a question as to
whether the pointer has actually passed this num-
ber or is still approaching it. This should always
be determined by referring to the next dial to the
right to see whether or not its pointer has completed
its revolution. If it has completed the revolution
or passed zero on its dial, the pointer to the left
should be read as having passed its number.

If the pointer to the right has not completed its
last revolution, the one next to the left should not
be read as having passed its number, even though
it may appear to be beyond the number.

If the readings are carefully checked in this man-
ner there is very little chance of mistakes.

On the second dial from the left in Fig. 92-A,
the pointer revolves in a clockwise direction, and
it might easily appear that it has passed the No. 2.
By checking with the dial next to the right, how-
ever, we find that this pointer, which revolves
counter-clockwise, has not quite completed its revo-
lution or passed zero. Therefore, the dial at the
left should still be read as No. 1. The correct
reading for a meter with the pointers in the position
shown in Fig. 92-A would be 3194 kilowatt hours.
. The reading for the pointers in Fig. 92-B should
be 4510 kilowatt hours. Iere again the pointer
on dial No. 3 appears to be on figure No. 1; and,
by checking with dial No. 4, we find that its pointer
is on zero or has just completed a revolution: so
it is correct to read dial No. 3 as No. 1.

The reading for the set of dials in Fig. 92-C
should be 7692. The pointer on dial No. 2 in this
case appears to have passed No. 7; but, by checking"
with dial No. 3 to the right, we find its pointer has
not quite completed its revolution; therefore, the
dial to the left should be read as No. 6.

104. “CREEPING”

The armature of a watthour meter will some-
times be found to be rotating slowly, even when
all load is disconnected from the circuit. This is
commonly called creeping of the meter. It may
be caused by a high resistance ground or a short
on the line. The resistance of such a ground or
short may not be low enough to cause the fuse to
blow, and yet there may he a small amount of
current flowing through it at all times.

If the load wires are entirely disconnected from
the meter and the disk is still creeping, it may be
due to the cffects of stray magnetic fields from
large conductors which are located near the meter
and carrying heavy currents, or it may be caused
by the fields from large electrical machines located
near by.

FFor this reason, watthour meters, or for that
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matter any other electric meters, should not be
located within a few feet of large machines, unless
they are magnetically shielded, and they should be
kept at least a few inches away from large con-
ductors carrying heavy currents.

Large bus bars or cables carrying currents of
several hundred or several thousand amperes set
up quite strong magnetic fields around them for
distances of several feet. and very strong fields a
few inches away from them.

Sometimes a very small load such as a bell trans-
former or electric clock may cause the meter to
rotate very slowly, but this is actual load and not
creeping.

Vibration of the building or panel to which the
meter is attached may sometimes be the cause of
creeping. In some cases this may be stopped by
proper adjustment of the compensating coil; or a
small iron clip can be placed on the edge of the
aluminum disk, if the clip does not rub the damping
magnets as the disk revolves.
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