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E. PREFACE
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cuits, Power and Power-Factor, Inductive Reactance, and
Simple Trigonometric Functions were written by Mr. Timbie.
The Introduction to Chapter II was kindly contributed by
Mr. A. L. Williston.
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and Control of Alternators, Parallel Operation of Alter-
nators, Fundamental Principles of the Transformer, Oper-
ation and Polyphase Connections of Transformers, and
Asynchronous Motors were written by Mr. Higbie. The
chapters on Short Transmission and Distribution Lines,
Long Transmission Lines and Capacitance, Synchronous
Motors, Converters and Rectifiers were written by Mr.
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Alternating-current Electricity
and

Its Applications to Industry

SECOND COURSE

CHAPTER 1

PERFORMANCE OF ALTERNATING-CURRENT GENER-
ATORS. REGULATION AND CONTROL.

THE armature windings of alternators have been taken up
in detail in the “First Course” as a practical means of
studying the current and voltage relations in polyphase cir-
cuits. It is now necessary to note the performance of the
alternator as a whole when in service.

The purchaser and the operator of an alternating-current
generator are concerned about the following features:

First. How does the generator behave when it delivers
power?

Second. How much power can a given generator deliver
without endangering its own safety; or, how large a
generator is required to carry a given load?

Third. How does the generator interact with other parts
of the system to which it must be connected?

These actions or properties are more or less interdependent,
and it is impossible to discuss any one of them without in-
volving all. The discussions in the two following chapters
are prepared for the man who is responsible for the mainte-
nance of good service in the electric plant or system and for
the man who pays the bills and seeks the profit, rather than

for the designer. .
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1. Effects of Loading an Alternator. As we increase the
current taken from an alternator, by increasing the load
which is connected across its terminals, we notice the follow-
ing effects:

First. The armature windings heat up, and there is in
consequence a general temperature rise all over the
machine.

Second. The efficiency changes, at first rising as the
load increases, but falling off again for very large
loads.

Third. The terminal voltage tends to fall; to keep
it constant requires adjustment, either manually

‘ by an operator, or automatically by a ‘voltage
regulator.”

Fourth. The form of the e.m.f. wave may change.
These effects have been stated in the usual order of their
importance. All of them are troublesome or undesirable
in one way or another. If any one of them were to proceed
far enough it might set a limit to the amount of power that
could be taken from the alternator, although usually the
heating limit is reached first.

2. Heating of the Alternator. All of the losses in an
electrical machine appear as heat, in one part or another.
These losses are:

First. I’R in the armature winding.

Second. I’R in the field winding.

Third. Hysteresis and eddy-current losses (“iron
losses”) in the armature core.

Fourth. Friction, of the shaft in the bearings, of brushes
on collecting-rings, and of all moving parts against
air.

Fifth. Eddy-current loss in the faces of the poles.

When heat energy is developed in or applied to any body, the
temperature of the body is raised.* The body tends to lose

* This statement does not apply to bodies which are in process of
changing from solid to liquid, or liquid to gas, or vice versa.
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heat energy to its surroundings in proportion to the excess
of its own temperature above the temperature of the sur-
roundings. The temperature of the body will, therefore,
rise until the rate of losing heat is equal to the rate of de-
veloping or supplying heat in the body. When this state of
equilibrium is attained, the temperature ceases to rise and
is steady. It is as if we were pumping water into a tank with
a hole in its base; the level will rise until the pressure or
“head” due to it forces water out through the hole as fast as
it is being pumped in. Then the level becomes stationary.
The head, or pressure, is a measure of the outflow of water
and corresponds to the excess of temperature of a body above
its surroundings.

If we keep the size of outlet from the tank fixed, and increase the
rate of pumping, the head increases. If we keep the rate of pumping
fixed and reduce the outlet, the head also increases. Similarly, if
we increase the rate of heat development in a machine by operating
it in a manner to increase any of its losses, leaving the surroundings
unchanged, the temperature rises; and conversely, if the losses be
decreased, the temperature falls. Also, if we do anything which
facilitates the escape of heat, the temperature corresponding to any
given rate of loes will be lowered, and if we retard the escape of
heat, the temperature will be raxsed

Temperature has a very profound and serious effect upon most
materials which are suitable to be used as insulators in an electrical
machine. Such materials are paper or sheet fiber, and fabrics of
cotton, linen or silk. These are impregnated with shellacs or
varnishes made of natural-oil resins or gums, such as are used in
insulating paints and compounds. At comparatively low tem-
peratures the resins and gums become partial conductors and allow
leakage currents to flow within the machine from one conductor to
another. This develops more heat, which very quickly ruins the
windings and makes a short-circuit. The papers and fabrics at
high temperatures quickly become charred and crumble, allowing
the conductors to come in contact with one another and with the
frame of the machine. The highest permissible temperature to
which ordinary insulations may be subjected continuously is about
90° to 100° C. Below this temperature, the insulation is not per-
manent, but deteriorates very slowly, breaking down in perhaps
twenty to fifty years. Above this temperature, the rate of deteriora-
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\/tion increases very rapidly; on short~circuit, it might be completely
ruined in a few seconds.

The time required by the generator to reach this maximum
allowable temperature depends upon many conditions. If the
machine is heavy and contains a great quantity of material, its
heat-storage capacity is large, and it may take 12 hours continuous
operation at full load to reach a steady temperature. If it is a small

_ high-speed machine for the same capacity and having approxi-
mately equal losses, it may reach a steady temperature in 6 hours.
This time depends also upon the ratio between power losses and
radiating surface.

In most modern machines a great increase of output is obtained
from a given size and weight by using fans or vanes to force air
currents through “ventilating ducts” in the machine. The amount
of losses or heat that can be carried away from each square inch of
surface without exceeding the highest permissible temperature, is
thus increased enormously. If anything should happen to restrict
the quantity of air blown through this machine, such as a stoppage
of the fans, the temperature would rise very rapidly, probably
beyond the allowable limit in a few minutes. In some locations,
dirt in the atmosphere sticks to the ventilating passages and con-
tracts them so that the machine must be dismantled and cleaned
periodically, notwithstanding the facts that the air velocities in the
passages are cyclonic and that the air is often cleansed before
being taken to the machine.

Variations of the output of a machine also have an im-
portant effect upon both the rate and ultimate amount of
its temperature rise. The average power output depends
directly upon the average value of the effective current; but
the average rate of heating depends upon the average square
of the effective current (/2R). If the power or amperes out-
put varies, we shall find that the average value of (I*R) is
greater than the value of (Average I)* X R. This means,
that if the temperature of a generator or other machine de-
pends upon the average rate of heating, or upon the average
losses, the temperature will be higher on a fluctuating load than
on an equivalent steady load.

However, if the variations of load are very slow, and particularly
if the high loads are persistent, the danger of overheating may not
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be determined by the average watts lost, but by the watts lost at
the high loads. Thus, it is frequently specified or guaranteed that
a generator shall be able to carry rated full-load continuously,
25 per cent overload for two hours, 50 per cent overload for one
minute, and 100 per cent overload momentarily, all without danger
to its insulation. Evidently the temperature rises at a much
greater rate than the load.

The operating temperature of the generator depends also upon
the temperature of its surroundings and upon the temperature of
the air supplied to it for ventilation. The load determines the
power losses, and these determine the temperature difference
between the machine and its surroundings. But the danger to the
insulation depends upon the actual maximum temperature of the
insulation. If the operating room in general, and the ventilating
air in particular, has a high temperature, this will reduce the per-
miesible margin of the temperature rise, which limits the rate of
heat loss, and therefore the load. If the air temperature is low, the
generator may carry a larger load with safety. Sometimes, par-
ticularly in small plants, the capacity of the generators is reduced,
or their depreciation at rated full load is increased, by locating
them in a hot or poorly-ventllated room. Heating i8 a condition
which aggravates itself, because a rise in temperature of the windings
increases their resistance, so that the same current produces a
greater I’R loss, and this tends to increase the temperature still
further.

This matter of heating is too important to be left to the
varying judgment of individuals, and therefore definite rules
as to the amount of temperature rise permissible, and the
conditions under which it should be measured, have been
agreed upon by electrical engineers and manufacturers of
electrical machinery. These are to be found among the
“Standardization Rules” of the American Institute of
Electrical Engineers, which specify the minimum require-
ments of good practice in the operating and testing of electri-
cal machinery. The rules cover in detail many points other
than the heating and rating of machines, and are too exten-
sive to be reviewed here. They may be found in any elec-
trical handbook, and should be referred to whenever the
rating or performance of any electrical machine is in question.
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Example 1, The Standardization Rules state that the tempera-
ture of the field and armature should not be permitted to rise more
than 55° C. above a room temperature of 40° C. The armature
temperature of a certain generator rises 70° C. when delivering a
steady load of 200 kv-a. What is the greatest load in kilovolt-
amperes which this generator should be permitted to carry con-
tinuously at this voltage? ,

Note. (a) The rate of heat loss is approximately proportional
to the difference between machine temperature and room tempera-~
ture.

(b) It is safe to assume that half the heat loss with a 55° rise in
temperature is due to hysteresis and eddy currents in the machine
and is constant at all loads. The other half is due to the I*R loss
in the copper and is thus proportional to the square of the current.

Applying (a),

loss with 55° rise _ 55 11
Toss with 70° rise 70 ' 14~

Applying (b),

let I = current with 55° rise,
I, = current with 70° rise.
Loss with 55° rise = iron loss + I*r loss.

But
: iron loss = I*r loss.
Thus loss with 55° rise = 2 I*r loss.
Loss with 70° rise = iron loss + I,%r loss
, = I?r loss + I,% loss.
Thus
loss with 55° rise _ 2 (I*r loss) _1
loss with 70° rise  (I*r loss) + (Iyr loss) 14’
or 28 (I*r loss) = 11 (I*r loss) + 11 (I,*r loss)
17 (I*r loss) = 11 (Iy*r loss).
Thus
I’rloss 1n
Itrloss 17’

That is, the heat loss due to the current in the armature windings
must be reduced so that it is only }} of its present value, if the
temperature is not to rise more than 55°.
This heat loss is proportional to the square of the current, thus
I’rrloss I* 11
I,’r loss - 11’ - 17
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8 . ALTERNATING-CURRENT ELECTRICITY

But the kilovolt-amperes delivered by the generator at a given
voltage is proportional to the current in armature windings. Thus
kv-a. (with 55° rise) _ _-\/ﬁ _8
200 (with 70° rise) 17 10
Therefore the output of the generator which will cause a 55° rise
only is 1% of the output which causes a 70° rise, or 5 of 200 = 160
kv-a.

The generator could thus be run as a 160-kv-a. machine and not
overheat.

Prob. 1-1. When operated continuously at the full-load rating
on the name plate, the armature of a certain generator attains a con-
stant temperature of 40° C. above the room temperature. On the
basis of the assumptions of Example 1, calculate:

(a) By what percentage the total heat losses in the armature
may safely exceed those at rated full load.

(b) By what percentage the current output may safely exceed
the rated full-load current?

Prob. 2-1. Fig. 1 shows the variations of current input to a
motor driving an automatically-controlled planer, during a little
more than one cycle of operation. Calculate:

(a) The numerical average value of the current, regardless of
direction. ‘

(b) The effective value of the current.

(¢) The ratio between the IR loss in the motor during one
cycle due to the actual current as shown by Fig. 365, and the I*'R
loss that would occur during the same time if the current were
steady at the numerical average value.

Prob. 3-1. Fig. 2 shows approximately the variation of cur-
rent supplied to an 800-horse-power 2200-volt 225-r.p.m. three-
phase induction motor, during one complete cycle of operation of a
water-hoist to which it is geared, in a mine. Calculate:

(a) Average value of It

(b) Square of average value of I.

(c) Percentage by which actual watts IR loss during one cycle
of operation is greater or less than the I*R loss would be if the
motor were to take an equivalent constant current.

Prob. 4-1. The rotating-field coils of a certain alternator rise
45° C. above the room temperature of 25° C., when carrying such
current that full rated voltage is obtained from armature terminals
at zero load, rated frequency. The field current of this alternator
must be increased 15 per cent to deliver the same (rated) voltage
across armature terminals at full load, same frequency. Under
ordinary conditions, the excess of machine temperature above room-
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temperature is directly proportional to the heat losses in the
machine. What will be the temperature rise, and the actual tem-
perature, of the field coils when the alternator operates steadily
at full load? (For an approximate solution, the increase in resist-
ance of the field coils due to temperature may be neglected.)

2000 -
B0
o —
q ook l[,
a0 A A 1 -
k3 -
R0 / -
0 ill . -
200
o L= P o T e
0o » 0 20 o
?w:dc

Fig. 2. Curve of current taken by an 800-h.p., 2200-volt, 225-r.p.m.
three-phase induction motor, geared direct to a mine water-hoist,
having a capacity of 250,000 gal. per hr. The curve shows one hoist-~
ing cycle. General Electric Co.

3. Advantages of High Efficiency. Efficiency expressed
exactly, as a number, is the ratio between the output of
and the input to a given machine or process. Thus:
Instantaneous efficiency =

real power output in watts, kw. or h.p. .
real power input, in same units at same instant
All-day efficiency =

energy output during one day in kw.-hours or h.p-hours

energy input during same day, in same units.

Efficiency may be calculated in any one of several ways,
depending upon the form in which it is convenient or neces-
sary to obtain the data. Thus:
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Efficiency =
output _ output _ input—total losses
input  output + total losses input

It is not within the scope of this book to explain methods
for measuring the quantities which must be known in order
to calculate the efficiency. But we are concerned in finding
what conditions promote the highest efficiency of the alter-
nator, and what it costs us to permit a lower efficiency than
might be. A higher efficiency means:

1. Less cost of input to produce a given output, or more
of valuable output from a given expenditure for input.

2. Larger and more costly engines required to deliver
a given amount of electric power. More fixed charges
and more space required.

Prob. 6-1. When the total losses of a machine are 10 per cent
of its output, what is its efficiency? ,~°

Prob. 6-1. When the total losses of a machine are 10 per cent
of its input, what is its efficiency? ¢ °

Prob. 7-1. An alternator is delivering 250 kv-a. at 85 per cent
power-factor, and its efficiency at this load is 92 per cent. How
many horse-power must the direct-connected engine deliver at the
shaft, to drive this alternator?

4. Relation of Efficiency to Load on Alternator. The
efficiency is lowered by any condition which increases the
ratio of losses to output. The losses in an alternator are
listed in Art. 2. The power output is directly proportional
to the amperes output from the terminals, to the volts
between terminals, and to the power-factor of the receiving
circuit, or the phase difference between the current and
pressure at the terminals.

Suppose we increase the amperes output while the inal
volts and power-factor remain constant. The watts output
will increase in direct proportion to the amperes output,
under these conditions. But the IR loss in the armature
will increase in proportion to the square of the current. No
other loss is affected appreciably by the change, except the

\
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PR loss in the field. The voltage tends to fall when the
armature current increases, and to keep the terminal voltage
constant requires an increase in field current. This increases
the field IR loss, though not nearly in proportion to the arm-
ature I’R loss. Whether the ratio of the total losses to the
output will be increased or diminished depends upon whether
the losses which vary with the load are greater or less than the
losses which do not vary with the load. If the fixed losses
are greater than the variable losses, an increase of output
will raise the efficiency. But as soon as the variable losses
become greater than the fixed losses, a further increase of out-
put will lower the efficiency. For illustration, Table I gives
results of a test for losses and efficiency on a fairly large
alternator; it is taken from an article on “Shop Testing of
Alternating-Current Generators and Synchronous Motors”
in “The Electric Journal,” December, 1913.

TasLE I

Load, per cent of
rated............ 00| 25.0| 50.0 | 75.0 ) 100.0 | 125.0

Line amperes per
terminal......... 0.0| 49.0( 98.0 | 147.0 | 196.0 | 245.0
Field amperes. . ... 77.0| 81.5| 86.5 94.0 | 101.5 | 112.0
Terminal volts..... 6300.0 |6300.0 {6300.0 (6300.0 (6300.0 (6300.0
Core loss, inkw....| 39.4| 39.5( 39.6 | 39.7 | 39.8 | 39.9

Fleld copper loss,
............... 4.68) 5.24) 5.92| 6.98| 8.13| 9.92

Armature copper
loss, kw......... 0.0 0.42f 1.68 3.78/ 6.72] 10.51

Friction and wind-
age, kw.......... 30.25| 30.25| 30.25| 30.25 30.25 30.25
Totallosses, kw....| 74.33| 75.41 77.45| 80.71| 84.90| 90.58
Kv-a. output...... 0.0 | 534.0 {1071.0 {1604.0 (2140.0 (2672.0
Real kw. output...| 0.0 | 427.0 | 857.0 {1283.0 ,1712.0 |2137.0
Real kw. input..... 74.33| 502.4 | 934.4 (1363.7 (1796.9 |2227.6
Efficiency, percent| 0.0| 8.0) 91.7 | 94.1 | 953 | 95.9

~ At all loads covered by Table I, the sum of fixed losses (consisting
of friction, windage and core loss) is larger than the sum of variable
losses (field copper loss and armature copper loss), and the efficiency
is continually increasing as the output increases. It is apparent,
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however, that the efficiency is approaching a maximum value, as
the variable losses become more nearly equal to the constant
losses.

By drawing from the above data a curve with field copper loss
and per cent load as codrdinates, and extending this curve as far as
260 per cent of rated load, we may arrive at the following approxi-
mate values:

At 200 per cent load, output = 3424 kw.; core loss = 40.2 kw.;
friction and windage = 30.3 kw.; field copper loss = 20.7
kw.; armature copper loss = 26.9 kw. ,

Efficiency = 96.6 per cent; * constant ” losses = 70.5 kw.; * vari-
able ” losses = 47.6 kw.

At 220 per cent load, output = 3770 kw.; core loss = 40.3 kw.; .
friction and wmdage = 303 kw.; ﬁeld copper loss = 26.1
kw.; armature copper loss = 32.5 kw.

Efficiency = 96.6 per cent; * constant ” losses = 70.6 kw.; * vari-
able ”” losses = §8.6 kw.

At 240 per cent load, output = 4110 kw.; core loss = 40.4 kw.;
friction and windage = 30.3 kw.; field copper loss = 39.3
kw.; armature copper loss = 38.7 kw. "

Efficiency = 96.5 per cent; ¢‘ constant *’ losses = 70.7 kw.; ‘¢ vari-
able ” losses = 78.0 kw.

At 260 per cent load, output = 4450 kw.; core loss = 40.5 kw?;
friction and windage = 30.3 kw.; ﬁeld copper loss = 59. 6
kw.; armature copper loss = 45. 4 kw.

Eﬁciency = 96.1 per cent; *‘ constant ”’ losses = 70.8 kw. ; ‘¢ vari-
able ” losses = 105 kw.

These results illustrate several important facts:

1. The efficiency reaches its maximum value at about
that load for which the sum of the losses that vary
with load is equal to the sum of losses that do not vary
with load. This relation is in general only approxi-
mate, but it may be proved by mathematics to hold
exactly for any case where the total variable loss is
proportional to the square of the output. This is true
of the armature copper loss but not of the field copper
loss. Neither is the field copper loss constant. If
the variation of field current, required to keep the
terminal voltage constant, were not great, the field
copper loss would be grouped with the constant losses
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in applying this general relation for maximum effi-
ciency.

2. The core losses are very nearly constant. They con-
sist of hysteresis and eddy-current losses in arma-
ture core and pole faces, and their amount depends
upon the frequency (speed) and flux density in the
cores. The frequency and terminal voltage are
assumed to be held constant. As the load or arma-
ture current increases, the e.m.f. induced in the arma-
ture windings must increase slightly to overcome the
voltage drops within these windings and keep the
terminal voltage constant. Consequently, the flux
(and therefore the flux density) must be increased
slightly as the output increases, and the core loss is
therefore greater. A part of the increase of field
current is for the purpose of producing this increase
of flux and induced e.m.f.

3. The friction and windage losses are constant. These
, depend principally upon the speed, which is constant.
+4. The armature copper loss increases as the square of

the armature current, or as the square of the kv-a.
output if the voltage is constant, or as the square of
the kilowatt output if the voltage and power-factor
are both constant.

5. The field copper loss increases with the output. In
this particular case it increases quite rapidly; in other
cases it may be almost constant and independent
of the load. To keep the terminal voltage constant,
as is usually required, some increase of field current
is necessary for reasons cited in (2). If the iron is
already nearly saturated with flux, a large increase in
field current is necessary to produce a small increase
in flux. Alternators are usually designed so that their
cores are not nearly saturated at rated full load; but
if they are operated at great overloads or much above
rated voltage, saturation may be approached.
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The load on this particular alternator has a power-
factor of 0.80, and therefore the armature current has
a considerable reactive component. It will be shown
presently that current lagging 90° behind the induced
em.f. in an alternator exercises a magnetic effect
(“armature reaction”) which directly opposes that
of the field winding and tends to reduce the flux.
To keep the voltage constant, therefore, a further
increase of field current may be necessary, to neutra-
lize the demagnetizing effect of any lagging reactive
component of armature current that exists when the
power-factor of the load is less than unity.

The rate at which the field current must increase
with the load depends, therefore, very much upon the
power-factor of the receiving circuit. It depends also
upon the construction of the machine. If the number
of turns in the armature coils is large, a comparatively
weak field winding will produce enough flux to generate
rated voltage; but a given amount of reactive current
through this large number of armature turns produces
an excessive demagnetizing effect upon the weak
field. In such case, a large increase of field current
is necessary to compensate the demagnetizing effect
of the large number of armature turns. This means
a large increase of field copper loss with increase of
output, which affects the efficiency as already ex-
plained.

Prob. 8-1. Is the alternator whose performance is given in
Table I a three-phase or a two-phase machine? Prove your answer.

Prob. 9-1. Assuming the alternator of Table I to be three-
phase, star-connected, calculate the effective resistance per phase
of the winding. Repeat the calculation, assuming it to be delta-
connected.

Prob. 10-1. From Table I draw a set of curves, using per cent
of rated output as abscissas, and as ordinates the following:

(a) friction and windage loss;

(b) friction and windage loss plus core loss;
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(c) friction and windage loss, plus core loss, plus field copper
loss;

(d) total losses;

(¢) efficiency. The ordinates of the loss curves are to be plotted
to a scale of kilowatts, and of the efficiency curves to a scale of
percentage. Explain how these curves illustrate the points dis-
cussed in the preceding article.

Prob. 11-1. (a) If the alternator of Table I were to operate
at full rated load and 100 per cent power-factor, what losses would
be changed, and how?

(b) What would be the approximate value of efficiency under
this condition?

(¢) What would be the efficiency when delivering full rated load
at 50 per cent power-factor, neglecting change of field current
required for constant voltage?

6. What is a Good Efficiency? High efficiency is ob-
tained generally by increasing the first cost of the machine.
High efficiency means small losses corresponding to a
given output. Small copper-losses mean low resistances, and
low resistances mean large sizes of wire which are heavy
and cost much more. Small core-losses mean low flux
densities, and low densities mean large core-areas to carry
enough flux to generate the required e.m.f. at standard
frequency. Large core-areas mean large volume and weight
of iron in the magnetic circuit, which again increases the
cost of the machine. Low core-loss also means high-grade
iron or steel, with thin laminations well insulated from one
another, and all this increases the cost still further.

It is possible for the designer to build an alternator for
almost any desired output with almost any desired efficiency,
by being sufficiently liberal with quantity and quality of
materials and skilled labor. Experience has indicated, how-
ever, that it is not economical to build the average alternator
of given size for an efficiency higher than a certain fairly
definite value. We have here a distinction between efficiency
and economy. Why is it not economical, or why does it
not “pay,” sometimes to build machines for the highest
possible efficiency?
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Consider that we have a hydro-electric plant with a limited
amount of power available (1000 kw.) and a market for all the
energy we can generate (24 hours per day) at 1 cent per kilowatt-
hour. Willit pay to specify a 96 per cent efficiency for the generator,
rather than 95 per cent? If we get the higher officiency alter-
pator, we shall reduce the total losses by 10 kw., or 1 per cent of
the input, or we shall have this much more of salable output from
the same water power. During one year this represents (24 X
365 X 10) = 87,700 kw-hours, which, at 1 cent per kw-hour, will
sell for $877 per year. Now, every dollar invested in the plant
must earn or save at least 13 cents per year. This is the amount
necessary to pay ‘' fixed charges ” (consisting of interest, deprecia-
tion, taxes and insurance) on one dollar of invested capital for one

year. Therefore, we can afford to pay % = $6750 more for

the generator having 96 per cent efficiency, than for the generator
having 95 per cent efficiency. If the extra cost of the higher
efficiency generator is less than this figure, we should by all means
speclfy a 96 per cent efficiency (or perhaps even higher), because the
increase in earnings will pay more than the fixed charges on the
additional investment required, or will pay higher dividends than
were anticipated. If, on the other hand, the extra cost of the 96
per cent generator is more than $6750, it would be unwise (from
the view-point of cost alone) to specify 96 per cent efficiency, and
some lower value would be more economical.

A wise engineer would consider future prospects, also, to some
extent in solving this problem. If a generator were to be used in a
water-power plant so located that there would be not even a remote
prospect of selling all the power that could be had from the water
available, it would be “poor business” to pay more than necessary
for the generator by demanding an unusually high efficiency. On
the other hand, in locations where the cost of fuel is high and space
for generating equipment is expensive (as in steam-electric plants
situated in cities), even a small fraction of one per cent increase in
efficiency has a very great value, and improvements or refinements
which reduce the losses will pay well. It is obvious, from these
considerations, that the efficiency should be chosen with regard for
the demand for and value of a kilowatt-hour to the plant in question,
and also with regard for the increase of first-cost of the alternator
to produce a higher efficiency.

Efficiencies at rated full load measured by test on many
alternators, large and small, are given in Table II, which is
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taken from a paper by E. M. Olin, Trans. A.IL.E.E., June,
1912. Notice that in general the efficiencies are lower for
the smaller machines. Neither the size and weight nor the
losses of a dynamo can be reduced in exact proportion to its
rated output. A small machine is always heavier and more
expensive in proportion to its capacity, and usually has a
lower efficiency, than a larger machine, other things being
equal (such as quality of materials, workmanship, and the
like).

Notice, also, from Table II, that several machines of the same
rated output may have efficiencies that differ, although the values
are fairly close together. This is due to the influence of conditions
already mentioned. The alternators also differ widely in the distri-
bution of losses at their rated full load. For instance, the ratio of
variable losses (Wng) to constant losses (Wp + Wg) varies between

0.32 6.14
(577-{-—2.23- = 0.064) for Alternator No. 30, and (6—8—2+—33—0 = 1.49)

for Alternator No. 2. We have seen that the efficiency is greatest
in any one machine when this ratio is approximately unity (1.00).
Therefore it appears that Alternator No. 30 (8000 kw.) will reach its
maximum efficiency when greatly overloaded, and that Alternator
No. 2 reached its maximum efficiency at a load considerably less
than its rated output.

The rated full load of an alternator is usually the largest
output which it can deliver continuously without exceeding
a safe temperature in any part of the machine. It is within
the power of the designer to determine whether the maximum
efficiency of the alternator shall occur when the output is
less than, equal to, or greater than this rated full load. By
being generous with copper and sparing of iron, making the
variable losses small in comparison with the fixed losses, the
maximum efficiency is caused to happen at a heavy load.
By being generous with iron in the magnetic circuits and
sparing of copper in the electrical circuits, the variable losses
are caused to be large in comparison with the fixed losses,
and the maximum efficiency occurs at light load. The same
statements apply to electric motors, transformers, and other

apparatus.
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TaBLE II. — ErFicieEncy TEsTs oN A-C. GENERATORS®

No Size Fre- Loes, Loes, Loss, Total | Efficiency
| rated kv-a. | quency. | Wns. WE Wr. loss. |at full-load.
1 . 100 60 2.78 1.08 3.50 7.36 93.15
2 100 60 6.14 0.82 3.30 10.26 90.7
3 125 60 3.19 3.70 2.97 9.86 91.1
4 200 60 2.58 1.72 2.45 6.75 93.7
5 300 25 1.77 0.71 3.33 5.81 94.5
6 300 60 1.89 1.90 2.40 6.19 94.15
7 333 60 0.83 1.47 2.94 5.24 95.0
8 400 60 2.64 0.61 3.00 6.25 94.15
9 500 25 2.25 0.50 1.42 4.17 96.0
10 500 60 0.65 3.66 4.16 8.47 92.25
11 600 60 0.83 1.79 2.27 4.89 95.4
12 700 60 1.65 0.94 1.86 4.45 95.78
13 725 60 1.52| 0.70 1.27 3.49 96.7
14 1 000 60 1.67 1.52 1.83 5.02 95.26
15 1 000 60 0.74 4.10 1.66 6.50 93.9
16 1250 60 1.25 0.83 2.65 4.73 95.5
17 1 250 60 1.04 0.83 2.59 4.46 95.77
18 1 500 60 0.66 3.16 3.16 6.98 93.5
19 2 000 60 1.03 0.92 2.10 4.05 96.13
20 2 000 60 1.20 1.19 1.83 4.22 96.0
21 2 500 60 0.56 2.00 2.40 4.96 95.3
22 3 000 60 0.95 2.01 2.46 5.42 94 .82
23 3 000 60 0.76 1.47 2.57 4.80 95.4
24 3 000 25 0.51 3.73 2.00 6.24 94.15
25 3 000 60 1.18 1.62 1.70 4.50 95.76
26 3 750 60 1.47 0.49 1.46 3.42 96.75
27 4 000 60 0.47 4.13 2.53 7.13 93.3
28 5 000 60 0.91 0.89 1.98 3.78 96.4
29 6 666 60 0.41 2.17 2.55 5.13 95.1
30 8 000 60 0.32 2.77 2.23 5.32 94.9
31 10 000 60 0.40 2.40 1.85 4.65 95.6

* All losses expressed in per cent of output at rated full-load, non-inductive.
WrR = loss due to resistance of windings, brushes, and sliding contacts, to useful
current flowing, in field and armature;

WF= loss in friction;

WRr = rotation loss, not frictional, due to hysteresis and eddy currents caused by
rotation of iron through the magnetic field, and all I*R losses due to local
or useless currents within the armature.

Prob. 12-1. Calculate the efficiency at }, %, 11, and 1} times
rated full-load, for the 500 kv-a. alternator No. 9 in Table II.
Assume that the values given in Table IT correspond to rated full-
load unity power-factor, and that one-quarter of the total full-load
copper-loss remains constant at all loads, while the remainder of
the copper loss varies as the square of the current output and that
all rotational losses are constant.
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Prob. 13-1. For the alternator of Prob. 12-1 draw curves,
using per cent of rated full-load kv-a. output as abscissas in all cases,
and as ordinates the following:

(@) Kw. lost in friction. .

(b) Kw. lost in friction 4 rotation losses.

(¢) Kw. lost in friction + rotation + copper, or total kw. loss.

(d) Efficiency in per cent.

Extend these curves if need be, and discuss the relation between
the losses when the load is such that the efficiency is maximum.

Assume friction and rotation losses constant at all loads.

Prob. 14-1. For each alternator listed in Table II, calculate
each loss as a percentage of the total losses, at full-load. Tabulate
these values, showing the distribution of the losses in the various
sizes of alternators covered by Table II. Discuss your results.

6. Effect of Load on Voltage of Alternator. Addition
of load usually causes the terminal voltage of an alternator
to change. If the power-factor of the load is 100 per cent,
the voltage falls. If the power-factor is less than 100 per
cent and the current lags, the voltage falls much more than
with non-inductive load. If the power-factor is less than
100 per cent and the current leads, the voltage will fall less
than with non-inductive load, or may even rise, depending
upon the proportion of leading reactive component. Most
generators are required to deliver lagging current. Leading
loads are the exception, and are met usually in very long
distance and very high voltage transmission systems.

The inherent or automatic change of voltage which occurs
when the load is reduced from rated full-load to zero load,
while the speed and field current are kept constant, is known
as the “voltage regulation.” It is usually expressed as a
percentage, thus:

Voltage regulation, in per cent =

(zero—load voltage — full-load voltage
full-load voltage

An ordinary value for the voltage regulation of an alter-
nator would be 8 per cent on non-inductive load and 24 per
cent on a lagging inductive load having 80 per cent power-

)XIOO.
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factor. For the average central station load, consisting of
lighting and power, a power-factor of 80 per cent should be
assumed. Power-factors of 90 to 95 per cent are usually ob-
tained only when the load is entirely incandescent lighting or
heating. Power-factors as high as this, or even above 95
per cent, may be obtained if a large part of the load consists
of synchronous motors, which are adjusted to take a leading
reactive component of current from the system. A power-
factor of 70 per cent may be expected in a plant having a
large proportion of induction motors, arc lighting, electric
furnaces, or electric welding load.* An extensive set of
measurements of power-factor on motor service circuits and
industrial installations in Cleveland, reported by H. L.
Wallau in the Electrical World, Nov. 22, 1913, shows maxi-
mum and minimum values of 0.95 and 0.20 respectively,
with an average of 0.69. The power-factor of the entire
station load was 89 per cent by day and 92 per cent by night.

From this data it is evident that the effect of load, and
particularly of low power-factor, upon the voltage of alter-
nators must be studied. In many central stations the maxi-
mum allowable variation of voltage is considered to be 5
per cent during the daytime and 2 per cent during the night.
Sudden variations are much more objectionable than slow
variations. Good inherent voltage regulation in the alter-
nator itself must be depended upon to limit these variations
of voltage due to very rapid fluctuations of load. Automatic
voltage-regulators, operating to adjust the field current, are
perfectly capable of preventing the slower variations of
voltage. Where the load is principally motors, constancy of
voltage is not usually as important as where the load is
largely lighting.

Example 2. What is the power-factor of a generator when it
is loaded with 400 kw. at 87 per cent lagging power-factor and with
600 kw. at 75 per cent lagging power-factor ?

* See Electric Journal, 1911, page 623.
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Draw Fig. 3 representing the 400 kw. by the line OA.

Draw OB at an angle of 30° (87 per cent = cos 30°) and draw AB
perpendicular to OA.

The line OB represents the kilovolt-ampere load of which the line
OA is the effective power and the line AB is the reactive power.

Fi1e. 3. Topographic vector diagram showing the method of adding
loads with different power-factors.

Similarly draw BC from B parallel to OA to represent the effective
load of 600 kw. Draw BD and DC to represent the total kv-a. load
and the reactive load respectively.

Draw the construction lines AE and CE.

Total effective power = OA + BC = 1000 kw.

Total apparent power = OD = V' DE* + OF»,

DE=DC + CE
=600 tan 41.5° 4 400 tan 30°
=531 4 231
. =762
OE =04 + AE
=400 + 600
=1000.
Thus 0D = V762* + 1000*
<1260 kv-a.
Power-factor of load = -
_ 1000

1260 -

=79.7 per cent.

Prob. 16-1. An alternator supplies three feeders, one of which
takes 100 kw. at 80 per cent power-factor, another 200 kw. at 85
per cent power-factor and the third 150 kw. at 95 per cent power-
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factor, all lagging. What load, in kilowatts and in kilovolt-
amperes, is the alternator delivering, and at what power-factor?

Prob. 16-1. (a) If a load of 50 kw. at 90 per cent power-factor
is suddenly added to the third feeder, by what percentage is the
total armature current of the alternator increased, and what does
its power-factor become?

(b) If, at the same instant,.the second feeder drops a load of
100 kw. having 95 per cent power-factor, by what percentage is the
armature current of the alternator greater or less than its initial
value, and what is its power-factor? Assume terminal voltage to
be held constant.

Prob. 17-1. If an alternator supplies two feeders, one at a
power-factor of 70 per cent and the other at 95 per cent, what must
be the ratio between the power (kilowatts) taken by these two
feeders in order that the total power-factor of the alternator may
be 85 per cent? If the terminal voltage of the alternator is kept
constant when the first feeder is disconnected, by what percentage
will the power output and the rate of heating (I?R) in the arma-
ture be reduced?

7. Effects of Unsteady Voltage. Fluctuation of volt-
age in an electric supply system is a disadvantage to both
central station and customer, and there are no compensating
advantages. Considering the lamps connected to the sys-
tem, we find that when they are operated at a voltage above
normal their life decreases very rapidly; and this shortening
of life is particularly bad with carbon lamps and gem lamps,
which it is the practice of central stations to renew free of
charge. If the voltage drops below normal, the life is
lengthened correspondingly, but the candle-power and the
watts consumed by the lamp decrease very rapidly. This
is unsatisfactory to the central station, because the consumer
takes less kilowatt-hours and the income of the central
station is correspondingly reduced. It is also unsatisfactory
to the consumer both because the power consumed by the
lamps does not decrease in proportion to the candle power
and because a flickering or unsteady light is very disagreeable
and injurious to the eyes.

Considering motors connected to the circuit, we find that
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the speed of most types of alternating-current motor is not
much affected by changes of voltage. The speed of the
synchronous motor would not change at all; the speed of
the induction motor would change slightly, and the speed
of the series motor considerably more. However, the maxi-
mum torque which an induction motor (commonest type of
alternating-current motor) can develop varies approximately
as the square of the voltage applied. This means that a given
percentage decrease of voltage, such as is likely to result
from bad regulation of generator and line when the motor
is overloaded and is taking a large current at low power-
factor, will reduce its capacity for instantaneous overloads
by a much greater percentage.

8. Causes of Voltage Variation in Alternator. In order
to make the discussion more definite and simple, we shall
consider at first a single-phase alternator, or one phase of &
polyphase alternator. Also we shall assume that the field
current of the alternator is held constant. All alternators
are driven at practically constant speed by well-governed
engines, because a variation of frequency would cause a
proportional change of speed in all motors connected to the
alternator, which is objectionable to the consumer. Under
these conditions, changes of terminal voltage must be due
to changes of flux or to voltage drops or reactions within the
armature windings. In fact, both of these effects are pro-
duced when current flows through the armature windings.

The winding has some resistance, and a part of the e.m.f.
which is generated must be used up within to overcome the
opposition which this resistance offers to the flow of current.

In Fig. 4, the vector E; represents the total e.m.f. induced,
and I the current flowing, in the winding. The e.mf. vector rl,
opposite to I, represents the reaction against the flow of current
due to resistance; r is the effective resistance of the winding (per
phase). The resultant of the generated e.m.f. (E;) and the reaction
(rI) is the terminal emf. E;, on the supposition that there is no
reaction except that caused by resistance. The induced e.m.f.
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may be thought of as composed of two components, as in Fig. 5,
the terminal voltage E; and the voltage (rI) used to overcome
the armature resistance. The power-
factor of the receiving circuit or load
is equal to the cosine of the angle (6)
of phase difference between E, and I.
The effective resistance or alternating-
current resistance (r) is a number
which, multiplied by the square of
the effective value of current flowing
through the winding, gives a product
equal to the total average watts lost
or transformed into heat, in the
armature copper. It is usually about
15 per cent greater than the direct-
Fia. 4. The terminal emf. current resistance. The difference

E; is the resultant of the between the alternating-current resist~

induced e.m.f. E; and the ance and the direct-current resistance

resistance reaction (r/) in jg due to eddy currents in the con-

the armature. ductors, and to the tendency (called
‘“gkin effect’”) of alternating-currents to flow near the surface
of wires (particularly when the wires are
large or the frequency is high).

But there are other reactions besides
that due to resistance of the armature
winding. When current flows through
the armature, the conductors build up
around themselves local fluxes entirely
independent of the main field flux which
produces E;’ These local fluxes alternate
with the armature current, and this alter-
nation of flux linking with the armature
wires induces e.m.f’s in these wires.
This local flux is in phase with the arma- Fia. 5. The induced
ture current I, and the em.f. induced by e.m.f. E; is composed
this flux is 90° out of phase with the flux of two parts, E;, the
and lagging behind it. This e.m.f. is the terminal e.m.f. and
reaction or counter-e.m.f. due to self-induc-  (r/) the volts required
tance of the armature winding, and it thus  to overcome the arma~
lags 9o° behind I. In Fig. 6, we take ture resistance.
account of the reactance (z), due to self-
inductance of the armature winding, as well as of the resistance (r).
In this figure (zI) is the induced e.m.f. or reaction due to
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change in the number of interlinkages Between the armature
wires and the flux produced by armature current; 7! is the resistance

reaction, as in Fig. 4; zI (the vector
sumof r/ and zI) is the total reaction,
or impedance voltage, due to resist-
ance and inductive reactance of the
armature winding. The resultant
of zI and E; is the terminal voltage E,.

A more usual and convenient
method which can be used for find-
ing E; when E,, I and cos 0 (or
power-factor of load) are given, is
shown in Fig. 7. This is a topo-
graphic diagram corresponding ex-
actly to the polar diagram of Fig. 6,
except for the fact that it is the
reverse process, namely, that of
determining what total e.m.f. (E;)
must be induced by the main field,
in order to have a given e.mf. (E,)
between terminals, when a current
of I amperes is delivered at a power-

0= power factor
=Por the load
rl reaction
remlon\/
£1 reaction

F16. 6. The terminal voltage
E; is the resultant of the
armature reactions (zI) and
(rI) and theinduced e.m.f. E;.

factor (cos 6). In this case, we begin by drawing E,;. Then lay

€ o.m.L to overcome
z 1 reaction

E¢~ b e.m.£. to overcome
. 7 I reaction

Ee |
stowrminale | /6

Fic. 7. A topographic vector
diagram for determining the in-
duced voltage E; necessary in
order to deliver the terminal
voltage E; and current I at a
power-factor of cos 8.

off I, lagging behind E, by an
angle whose cosine is the given
power-factor. Then lay out from
the end of E; an emdf. (ab)
parallel to I and in the same
direction, and of a length repre-
senting (rI) volts (to the same
scale that E, is drawn). This is
the e.m.f. required to overcome the
reaction due to resistance of the
armature winding. Now, from
the end b lay out a vector (be),
in direction leading I by 90°, and
in value equal to (zI) where z is
the inductive reactance (in ohms)
of the armature winding. This
is the e.m.f. which is required to
overcome the reaction due to

seif-inductance of the winding. The vector sum of E, ab
ed bc is the total e.m.f that must be induced in the
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winding by the main field, in order to have E; volts at the
terminals.

The magnetic effect of the current flowing in the armature
conductors produces not only a reacting e.m.f. (counter e.m.f.
of self-induction) in the conductors, but also produces
important changes in the main field flux. These magnetic
effects of the armature currents upon the main field are
known by the general term ¢ armature reaction.” The
armature reaction may be analyzed or resolved into two
effects, namely:

First. A distortion of the main field, causing it to be-
come more dense at some places, and at other places
less dense, than it was at zero load. )

Second. A direct weakening or strengthening effect, caus-
ing the main field flux to be less or greater than it
was at zero load.

The distortion of the main field changes the form of the e.m.f.
wave in each armature inductor, and may cause the wave-shape of
the terminal e.m.f. to be either further from or closer to a sine wave,
when the load is increased (see First Course, Fig. 297). This
change of wave-shape may change slightly the effective value of
voltage. The weakening or strengthening effect decreases or in-
creases the amount of e.m.f. (E;) which is induced in the armature,
and, therefore, also decreases or increases the terminal e.m.f. (E,).

We may consider the armature current as consisting of two com-
ponents which flow through the same winding. One of these, in
phase with E;, has an average effect to distort the main field but
not to change appreciably the amount of flux or the effective value
of E;. The other component of I, lagging or leading 90° with re-
spect to E;, has an average effect to reduce or to increase the main
flux and, therefore, correspondingly reduce or increase the effective
value of E; and E,;. If the load is inductive and has a low power-
factor, the lagging quadrature component of I is relatively large,
the weakening of the main field is greater, therefore, E; and E, fall
more for a given increase of I than would be the case with a higher
power-factor. It was the demagnetizing effect due to lagging
reactive component of I, which caused the voltage regulation of the
alternator in Art. 120 to be 24 per cent at 80 per cent power-factor,
although it was only 8 per cent at 100 per cent power-factor.
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Example 8. What is the voltage regulation of a 500-kv-a.
single-phase 2300-volt generator at unity power-factor? Effective
armature resistance is 0.5 ohm and reactance is 4 ohms. Neglect
all reactions except those represented by the internal-resistance drop
and the inherent reactance drop.

. 500,000
The current at unity power-factor =

2300

=217 amp.

T
v §

‘Fia. 8. Topographic vector diagram for determining the voltage regu-
lation of a generator at unity power-factor.

v

Construct Fig. 8, drawing OE, along current vector I to repre-
gsent the terminal voltage of the generator under full load.

Ir =217 X 0.5
= 109 volts.

Add vector Ir to E, in phase with E;.
Voltage to overcome armature reactance:

Iz =217 x4
= 868 volts.

Add vector Iz leading Ir by 90°.

The vector E represents the e.m.f. which must be generated to
supply the terminal voltage E,, the resistance drop Ir and the re-
actance drop Iz.

E = V/(2300 + 109)* + 868
= 2560 volts.
When the load is removed from the generator, the terminal volt-

age will rise to the value of E or to 2560. Thus the no-load voltage
= 2560.

. (no-load volts) — (full-load volts)
Regulation = (full-load volts)
2560 — 2300
T 2300
= 11.3 per cent.
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Prob. 18-1. A three-phase alternator rated 1000 kv-a. 6600
volts has an effective resistance of 0.5 ohm and a reactance of
10.0 ohms per phase of the winding. Assuming these constants
to represent all reactions which affect the drop of terminal voltage
under load, calculate the following (the phases being Y-connected):

(a) Volts required between terminals of each phase of the winding
at rated full load, power-factor 1.00.

(b) Amperes in each phase of winding, rated full load.

(c) Volts required to overcome reactions due to resistance, and
to reactance.

(@) Total voltage induced in each phase.

(¢) Increase of voltage when full load is removed.

() Voltage regulation, per cent. Illustrate solution by vector
diagram.

Prob. 19-1. Repeat calculations of Prob. 18-1 on basis of
Y-connected alternator supplying load of 80 per cent lagging
power-factor.

Prob. 20-1. Repeat Prob. 18-1 for alternator A-connected
at same phase voltage with load of 100 per cent power factor.

Prob. 21-1. Repeat Prob. 18-1 for alternator A-connected
with load of 80 per cent power-factor.

9. Armature Reaction in Single-phase Alternators.
Some explanation of the bare statement of facts given in the
preceding article is necessary to a proper understanding of
important operating features of alternating-current genera-
tors and motors. Let us first analyze the magnetic actions
of the armature of a single-phase alternator, or a polyphase
alternator of which only one phase is loaded. In Fig.
9 to 28, this phase occupies two slots per pole of an alter-
nator having 6 slots per pole with any number of poles.

When I is in phase with E; Fig. 9 to 12 illustrate conditions
at consecutive instants one-quarter period apart, for one complete
cycle of em.f. In Fig. 9, E; is maximum, and I is also maximum
in same direction. The armature current produces flux repre-
sented by lines ! and ¢. The varying amount of ! and ¢ as [
alternates is the cause of the self-induction reaction denoted by
(zI) in previous diagrams. At the instant illustrated by Fig. 9,
any armature flux ¢ which passes through the field poles does so in a
general direction at right angles to the flux m which is produced by
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the field windings. It weakens the main field at the leading pole-
tip but strengthens it in equal amount at the trailing-tip. The
total flux per pole is not altered unlees the average permeability of
the iron is changed by the redistribution of flux.

— ~—

FG. 9. The e.n.f. and the current in the armature coils are in phase
and have a maximum value at this instant. The magnetic lines
¢, ¢, ¢, due to current in armature windings are at right angles to the
lines m, m, m, due to the field coils. This weakens the leading pole-
tip and strengthens the trailing tip.

Fic. 10. One-quarter of a cycle later than Fig. 9. The current and
e.mf. of the armature are zero, and the field is unaffected. While
passing from position in Fig. 9 to that of Fig. 10 the field was both
distorted and weakened.

period later the conditions are as represented in
Fig. 10. If I were still flowing in the same direction as in Fig. 9,
the armature flux ¢ would pass through the magnetic circuit paral-
lel to the main field m and in direct opposition to it — i.e., its entire
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action upon m would be demagnetizing or weakening, instead of
cross-magnetizing or distorting. But at this instant (Fig. 10) 7
equals zero because  is in phase with E; which is zero as conductors
are cutting no lines. While we are passing from Fig. 9 to 10,
the armature reaction is partly distorting and partly weakening. Be-

\
F16. 11. One-half cycle later than Fig. 9. There is again a maximu.n

distortion of the field, but no weakening or strengthening. Both 7
and E are again maximum though in the direction opposite to that of
Fig. 9. Field is distorted and strengthened in passing from Fig. 10
to Fig. 11. -

F16. 12. Three-quarters of a cycle later than Fig. 9. Between this
figure and Fig. 11 the effect of the armature reaction was to distort
and weaken main field.

tween Fig. 10 and 11, it is partly distorting and partly strengthening
the main field. At the irstant of Fig. 11, we have maximum dis-
tortion and no weakening or strengthening. Between Fig. 11
and 12, it is partly distorting and partly weakening again. At
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the instant of Fig. 12, both effects are zero. Between Fig. 12
and 9 (completing one cycle of e.m.f.) the armature reaction partly
distorts and partly strengthens the main field.

Summarizing the effects throughout one cycle of e.m.f.
we find that, when I is in phase with E;:

(a) There is a distorting effect, varying in intensity
from & maximum to zero to maximum to zero (or
through two cycles during each cycle of e.m.f.), but
always tending to concentrate the flux at the trailing
pole-tip.

(b) There is a direct effect, alternately weakening and
strengthening the main field twice during each cycle
of E;, but having a zero average effect upon the
amount of flux from éach pole and the effective value
of E.'.

It follows, therefore, that the decrease of terminal voltage
with increase of non-inductive load on a single-phase alter-
nator is caused principally by resistance and self-inductance
of the armature winding. The armature reaction causes the
flux to oscillate across the pole-faces, which would seriously
increase the loss due to eddy-currents in the pole-faces if they
were not well laminated.

Having seen from this discussion how the magnetic action of
armature currents affects the main field of any multipolar alterna-
tor, the student is prepared to appreciate and use a very valuable
diagram of armature reaction used by Professor Morecroft.* In
Fig. 13 to 20, the length and direction of the vector n represent
the strength (ampere-turns) and direction of the magnetic action
of the armature. The total action of n is equivalent to ¢ ampere-
turns acting at right angles to the field ampere-turns (producing
distortion of flux), plus w or 8 ampere-turns acting parallel to the
field ampere-turns (decreasing or increasing the main flux). Fig.
13 corresponds to Fig. 9 and Fig. 14 corresponds to an instant or
position midway between Fig. 9 and 10. During one cycle of
induced e.m.f., the end of vector n moves twice around the dotted

* See “Continuous and Alternating Current Machinery” by J. H.
Morecroft, John Wiley and Sons.
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Fia. 13. The line n represents the amount and direction of the mag-
netic action of the armature. The line ¢ represents that component
of n which is at right angles to the main field. This figure corresponds
to Fig. 9, and thus ¢ = n since the whole magnetic effect of the
armature is to cross-magnetize the poles.

-

Fie. 14. The condition half-way between Fig. 9 and Fig. 10. The -
magnetic effect n has become smaller, and has two components, ¢,
tending to cross-magnetize the field, and w, tending to weaken the

field.
O

N\
/
\\\
8 ~{ o} N

e=Q
it=0 .
C=(
w=Q
8 =0

ol

8'

Fia. 15. The condition shown in Fig. 10. The entire magnetising
effect of the armature is zero.

\\.-’.’/




ALTERNATORS: REGULATION AND CONTROE 33

circle. A careful study of these diagrams will disclose the same
actions described from Fig. 9 to 12.
When the armature current (I), lags 9o° behind the induced

. + P4

F16.16. A condition half-way between that of Fig. 10 and that of Fig. 11.
The armature magnetic effect n now has two components, ¢, tending
to cross-magnetize the field, and a, tending to strengthen it.

lowil

Fia. 17. The condition of Fig. 11. All the armature magnetic effect
tends to distort the field by cross-magnetising it.

.- ~\
Seea”

Fic. 18. Half-way between Fig. 11 and Fig. 12. There is a weakening
effect w and a distorting effect c.

emf. (E;), the effects of armature reaction on the main field
may be seen clearly by examining Fig. 21, 22, 23 and 24. The
Morecroft diagram corresponding to this case is Fig. 29. If we
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| s% et %N

O

H
Fra. 19. The same condition as shown in Fig. 12. No mag-
netic effect from the armature.

8,
E
. 8
F1a. 20. Half-way between Fig. 12 and Fig. 9. The armature mag-
netic force now has a distorting effect ¢ and a strengthening effect s.

When the armature coil has completed one cycle, the magnetizing
effect of the armature has completed two cycles.
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F1a. 21. ‘t'he e.m.f. is a maximum but the current is zero in the arma-

ture because the current lags 90°. No magnetizing effect by the
armature, -
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Fia. 22. One-quarter cycle later than Fig. 21. Note that the armature
current tends to weaken the field. Fig. 29 shows the Morecroft
diagrams for the condition half-way between Fig. 21 and Fig. 22.

/’:—:b\
Fic. 23. One-half cycle later than Fig. 21. The current has ag;in be-

come zero, therefore, the magnetizing effect of the armature again
becomes gero.

Fia. 24. Three-quarters of a cycle later than Fig. 21. Again the
armature reaction weakens the fields,
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follow the cross-magnetizing and the weakening or strengthening
actions of the armature ampere-turns, through one complete cycle
of current, we shall find that:

(a) There is a distorting effect which varies cyclically with twice
the frequency of the current, pushing the flux out of its normal or
gero-load position first toward one pole-tip and then toward the
other pole-tip. The average distorting effect is zero. The pole-
face eddy-current losses are likely to be large.

(b) There i8 a direct effect in line with the ampere-turns of the
field winding. This effect varies cyclically between zero and a
maximum value, but always acts to weaken the main field. There
is an average weakening effect, and E; is reduced. It is evident,
therefore, that when I lags 90° behind E; it causes a larger drop in
E,, and makes the voltage regulation worse than with non-inductive
load.

When I leads E; by 90° conditions are as represented
by Fig. 25, 26, 27, 28 for successive instants, or by Fig. 30

/’—\
Fig. 25. The current leads the e.m.f. by 90°. With the armature in
this position the magnetizing effect of the armature is zero.

for an entire cycle of current. Analyzing the meaning of
these diagrams in the manner indicated, we find that:

(a) Thereis a distorting effect similar to that produced
when I lags 90° behind E;. The average distortion
is zero.

(b) There is a pulsating direct effect parallel to the main
field, but always in a direction to increase the flux.
On the average this effect increases E; and E;.
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Fla. 26. Ome-quarter of a cycle later than Fig. 25. The armature re-
action strengthens the fields. Fig. 30 is the Morecroft diagram for a
condition half-way between this and Fig. 25.

Fig. 27. One-half cycle later than Fig. 25. The e.mf. being at a
maximum the current must be zero, and therefore the armature re-
action is sero.

Fie. 28. Three-quarters of a cycle later than Fig. 25. Again the cur-
rent has become a maximum and the fields are again strengthened by
the armature reaction.
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Now consider the general case when I lags behind E; some angle
between 0° and 90°, or the power-factor of the entire circuit is

-
¥1c. 29. A condition half-way between Fig. 21 and Fig. 22. The cur-
rent lags 90° behind the voltage. The armature reaction n tends to
cross-magnetize ¢ and weaken w, the main field. NoTe: The marks
@®and @ indicate direction of current, not e.m.f.

L

: N
Fig. 30. The current leads the voltage by 90°. The armature reaction
has a cross-magnetizing component ¢ and a strengthening component
8. The condition half-way between Fig. 25 and 26. |

Fia. 31. The armature current lags behind the voltage 8°. The arma-
ture reaction n has a field weakening effect w and a cross-magnetizing
effect c. The circles C and M are component circles of circle 4.

between 1.00 and 0.00. Fig. 31 is drawn for a power-factor equal
to cos 8. The coil is shown at the instant when I has its maximum
value; the total armature ampere-turns is represented by n, which
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is equivalent to a distorting effort of ¢ ampere-turns plus a weaken-
ing effect of w ampere-turns, on the main field. As the coil makes
one revolution, the end of the vector n rotates twice around the
circle A. The vertical component of n has an average value up-
ward, indicating that the flux is pushed toward the trailing pole-tip
most of the time, although it concentrates slightly on the other tip
for a small part of each half-cycle of current. The horizontal
component of n has an average value opposite to the main field,
although it increases the flux for a small part of each half-cycle of
current. The analysis is simplified by resolving I into two com-
ponents, one in phase with E;
and the other 90° behind E;.
The magnetizing action of the
former is represented by the
circle C and of the latter by
the circle M (compare Fig. 14
and 29).

By this analysis we see that
whatever average distorting
effect there may be, is due to
the component of I in phase
with E;, and whatever average

weakening effect there may be,
is due to the component of I

hol.l.], Iy
]

which lags 90° behind E;. It
follows that a given reduction
of power-factor will affect the
voltage regulation much ' more
seriously when the power-factor
is high, than when it is low.

Fia. 32. Note that the decrease of
the power-factor from 1.00 to .90
increases the reactive component
of the current from zero to I,c;,
or about 44 per cent of the total
value of the current (OI,).

Thus, Fig. 32 shows that when

we reduce the power-factor from 100 per cent to 90 per cent, the
wattless or reactive component ¢;,I; increases from 0 to 43.6 per
cent of I, while a further equal decrease of power-factor (from 90
per cent to 80 per cent) increases the reactive component by 16.4
per cent of I (or, to 0.60 I). A reduction of power-factor from 20
per cent or 30 per cent to zero would produce an insignificant
change in the quadrature component of I, and therefore would not
appreciably alter the flux and the voltage regulation.

Prob. 22-1. What factors must be considered as limiting or
preventing the rapid displacements of flux across the pole-faces,
which theory indicates should result from the varying cross-mag-
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netizing component of armature reaction in the single-phase al-
ternator?

Prob. 23-1. Prove that the path of the end of the vector n
(Fig. 13 to 20), as the armature winding rotates, is truly a
circle. ‘

Prob. 24-1. Describe in detail the magnetizing action of the
armature for one complete cycle, when the current lags 90° behind
induced e.mf. See Fig. 21, 22, 23, 24, 29.

Prob. 26-1. Repeat Problem 24-1, but assume the current
to lead the induced e.m.f. by 90°. See Fig. 25, 26, 27, 28, 30.

Prob. 26-1. The single armature coil in Fig. 13 to 20 has 10
turns and carries an harmonic current whose effective value is 10
amperes. Calculate the maximum and average cross-magnetizing
force due to the armature, in ampere-turns. Current is in phase
with induced e.m.f. _

Prob. 27-1. The armature specified in Prob. 26-1 carries a
current which lags 90° behind the induced e.m.f., as illustrated by
Fig. 29. Calculate:

(@) The maximum and average values of cross-magnetizing
ampere-turns.

() The maximum and average values of demagnetizing ampere-
turns.

10. Armature Reaction of Polyphase Alternator. When
a polyphase alternator carries a balanced load (equal current
at same power-factor in all phases), the-magnetic field due to
the currents in the armature windings is steady, or constant
in value and fixed in direction. When I is in phase with
the E; which produces it, the armature reaction pushes
the flux toward the trailing tip of each pole and holds it
there steadily but neither increases nor decreases apprecia-
bly the amount of flux. When I lags 9o° behind E;, the flux
is reduced by the counter magneto-motive force of the
armature ampere-turns, but the distribution of flux is nearly
the same as at zero-load. Between these two extremes, or
when the power-factor of the entire circuit is between 1.00
and zero, the armature current produces both distortion and
weakening of the main field (I lagging). Each effect is
constant, and depends upon the values of I, cos 6, and number
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of turns in the armature winding. High power-factors, few
armature turns and strong fields are conducive to good volt-

age regulation.

Fig. 33 to 38 present an analysis of the armature reaction in
a three-phase alternator with balanced load. In Fig. 33, n. rep-

Fic. 33. The vector n; represents Fra. 34. The vector n; represents
the armature reaction in Phase 1 the armature reaction of Phase
of a three-phase generator with 2 of the generator at the same
balanced load of unity power- instant as that represented in
factor. Fig. 33.

F16. 35. The vector ngrepresents  Fia. 36. The vector # represents
the armature reaction of Phase the resultant armature reaction
3 at same imstant as Fig. 33 of the three phases of Fig. 33,
and 34. . 34 and 35.°

resents the total ampere-turns of Phase 1, at the instant when
the current in it is maximum. The current is in phase with E;, and
the dotted circle represents the path of the end of vector n,, as the
armature rotates (compare Fig. 13). Fig. 34 represents Phase 2,
and Fig. 35 represents Phase 3, all at the same instant. If we add
vectorially the three armature reactions, n,, ns, n,, as in Fig. 36,
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we find that the vector On represents the total ampere-turns of all

phases, both as to value and direction.

The vector On remains the

same length and the same direction, for all positions of the armature,

I'ii. 37.
the resultant armature reaction
of the three-phase generator at
an instant 30° later than that of
Fig. 36, when n, has become zero.
Note that the value of n has
remained unchanged.

The vector n represents

provided I remains in phase
with E;. To illustrate this, Fig.
37 is drawn, representing n,, ns,
and n; at an instant 30 electrical
degrees or ¢y period after Fig.
36; at this instant, n, has in-
creased, n; has decreased, and
n; has become zero (current in
Phase 3 is zero at this instant).
When I lags 6° behind E;
(power-factor of entire circuit,'

including armature winding,
equal to cos ), conditions are
as represented by Fig. 38. The
vector On represents total am-
pere-turns of the armature, as
to both value and direction.
The armature currents produce
a constant counter m.m.f. of Od

ampere-turns in the magnetic circuit, reducing the flux, and E;.
There is a constant cross-magnetizing m.m.f. of Oc ampere-turns,

distorting the flux.
reaction of the polyphase and
the single-phase alternator is
seen to be in the constancy of
the former and the double-
frequency cyclic variation of
the latter.

Prob. 28-1. Each phase of
the winding in Fig. 33 to 37
has 10 turns and carries an

The main difference between the armaturc

S N

harmonic current whose effec- Fia. 38. The vector n represents

tive value is 10 amperes. Cal-
culate the maximum ampere-
turns of one phase, and the
total ampere-turns of all three

the constant armature reactions
of a three-phase generator, when
the power-factor is cos 6.

phases together for the position shown in Fig. 36. Repeat for
Fig. 37. Compare these total values and note how they agree
with statements in the text.
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Prob. 29-1. Can you make a general proof that the total mag-
netic effect (n) of all phases of a three-phase winding is constant?
What is the ratio between the total effect of all phases, and the
maximum effect of one phase, in a three-phase alternator?

Prob. 80-1. Draw vector diagrams for a two-phase alternator,
after the manner of Fig. 33 to 37.

11. Synchronous Impedance. The effects of armature
self-inductance and of armature reaction cannot be measured
separately by any convenient commercial test. In rough
calculations of voltage regulation of an alternator (by the
so-called E.M.F. Method), the effects of these two reactions
upon the terminal voltage are combined in a factor known
as the ‘“‘synchronous reactance (X).” The “synchronous
impedance”-is a factor which measures the combined effect
of armature resistance and synchronous reactance, upon the
terminal voltage.

Synchronous impedance is always measured (as the name .
implies) while the alternator (or synchronous motor) is rotat-
ing at synchronous speed, i.e., at rated speed. It has little
relation to the impedance of the same armature as measured
at standstill, even with currents of rated frequency. The
armature is short-circuited through an ammeter connected
directly across the terminals, the field current being adjusted
to a value low enough to produce approximately full-load
amperes through the short-circuited armature. After meas-
uring I, the short-circuit is opened, and the open-circuit
voltage is measured. This open-circuit voltage must, there-
fore, be the voltage required to force the full-load current
through the armature alone. Then, for the same field cur-
rent and (rated) frequency:

Synchronous impedance (per phase) =

open-circuit volts, per phase _
short~circuit amperes, per phase

Then we measure the resistance of each phase of the winding,
usually with direct current, using the ammeter-voltmeter
method. Increasing this by 15 per cent to allow for eddy-
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currents and skin-effects in windings, we get r, the alter-
nating-current resistance of one phase. From this we get:

Synchronous reactance (per phase) =

(Synchronous impedance)? — (a-c. resistance)® _ y
(per phase) (per phase)

Example 4. A Y-connected alternator rated to deliver 5000 kv-a.
at 6600 volts, 60 cycles, yields the following data when tested for
synchronous impedance:

Short~circuit armature current = 438 amperes per terminal.

Open-circuit volts between terminals = 2790 for same field
current and rated frequency.

Measured resistance of the armature (hot) between any two
terminals = 0.0962 ohm.

From these we calculate as follows:

2790
Volts induced in each phase of winding = 7—3‘ = 1610.
Amperes in each phase of winding = 438,

Synchronous impedance of each phase of winding = 1610

438
= 3.68 ohms.
0.0962

Direct-current resistance of each phase = — = 0.0481 ohm.
(two phases in series between terminals)
Alternating-current resistance per phase = 115 per cent of

0.0481 = 0.0554 ohms.
Synchronous reactance per phase = V/(3.68)? — (0.0554)
= 3.678 ohms.

Prob. 81-1. The following test readings show the relation between
open-circuit volts and field amperes for a delta-connected alternator
rated 2140 kv-a. three-phase 50 cycles 6300 volts 300 r.p.m., and
operated at rated speed (see Electric Journal, Nov. 1913, page 1189):

Volta bet ] When th ture is short-circuited the fol
ot | Fiold ampares. | | i ings are taken, also at rated spesd.
0 0.0
1200 13.2 | Shortcireuit Field Short-cirouls
2400 %g ‘T::::r amperes. loss, kw.
4800 55.5
6000 72.5 0 0.0 0.0
6300 77.1 99 15.3 3.5
6930 90.0 195 30.0 13.5
7800 118.0 204 46.0 30.0
8550 155.0 390 53.5
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The armature resistance per phase as measured by direct current is
0.1025 ohm at 25° C. The field resistance is 0.718 ohm at 25° C.
From these data, draw curves with field current as abscissas, open-
circuit volts per phase and short-circuit amperes per phase as ordi-
nates. Calculate the synchronous impedance per phase from these
curves, corresponding to each value of current observed in the short-

circuit test. Does the synchronous impedance appear to be a con-
stant quantity within the range of these observations? Calculate
also the synchronous reactance. Phases’are A-connected.

12. Calculation of Voltage Regulation by Synchronous
Impedance Method. Let it be required to calculate the
voltage regulation of the o
alternator of Example 4,
from rated full-load kv-a.
at 80 per cent power-factor
to sero-load. First con-
sider the case of a lagging
current, as in Fig. 39. Lay
out a reference vector OI of
any length, representing the Fic. 39. The vector Oa represents
currentin one phase. Then  the e.m.f. which must be generated
lay out Od, leading OI by to supply a terminal voltage of Od,
¢ (= angle whose cosine zl::lu.‘e ‘?:‘f’e"‘f"‘;w' of the ex-
is 0.80, the power-factor). g;c:x Ol; gsdc'@ ca.

The length of Od represents

the e.m.f. required to be produced at the terminal of each
phase of the winding, which in this case is 3750 volts. Then
from d lay out the vector dc parallel to OI and in the same
direction, and of length representing (rI) volts. This is the
e.m.f. required to overcome the resistance reaction in each

phase.

5000 kv-a.
I (per phase) = V3 X66kv. 437 amperes.

rI (per phase) = 0.0554 X 437 = 24.2 volts.

Then from ¢ we lay out ca in a direction leading OI by 90°,
and of a length proportional to (XI), the e.m.f. required to
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overcome the reactions represented by the synchronous
reactance. ) .
XTI (per phase) = 3.678 X 437 = 1608 volts.

The resultant vector Oa represents the e.m.f. that should be
generated by a field excitation sufficient to overcome the
reactions or voltage drops due to resistance, inductance and
"armature reaction, and still have Od volts remaining between
the terminals. We calculate Oa as follows;

Component of Oa in phase with OI = al + dec =
(Od cos 8 + rI) = (3750 X 0.8) + 24 = 3024 volts.
Component of Oa in quadrature with OI = bd + ca =
(Odsin 8 + XI) = (3750 X 0.6) + 1608 = 3858 volts.
Oa = V/(3024)* + (3858)% = 4900 volts.

If the field current and speed are kept constant, presumably
we should get this voltage between the terminals of each
phase when the current is reduced to zero, since then there
would be no reactions of any sort within the armature. As
the winding is Y-connected, the pressure between terminals
at zero-load should be V3 X 4900 = 8500 volts. The risc
in voltage from full-load to zero-load would be (8500 —
6600) = 1900. Then:
Voltage regulation at 80 per cent power-factor
by synchronous impedance method

=~ - . = 28.8 per cent.

Fig. 40 shows the method of computing the voltage regu-
lation for a leading current.

When tested under actual full-load conditions, alternators
nearly always show a lower or better voltage regulation than
is obtained by calculation according to the synchronous
impedance method explained above. This may be due to

- & number of causes. X is computed from short-circuit
readings taken under conditions of low flux densities in the
iron and very low power-factor, yet we assume it to retain
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the samec value at much higher power-factors, and much
higher degrees of saturation necessary to produce full rated
voltage. Moreover, in our diagrams (Fig. 39 and 40) we
draw the synchronous reactance e.m.f. (XT) perpendlcula.r
to I just as if it were all due
to genuine inductive reac-
tance; nevertheless we know
that the change of E; due
to field-weakening effect of
armature reaction is in quad- S
rature with E;, and is not Fia.40. The current leads the volt-
strictly proportional to the age by 6°. The generated e.m.f.
current I. However, this represented by Oa may be less
method is very easily applied, than the terminal voltage Od.
the data are easy to obtain, and the error is on the safe side.
The student should be thoroughly familiar with this method
because it applies to transmission lines even better than to
alternators and is theoretically correct in all respects.

Prob. 82-1. Calculate (by the synchronous impedance method)
the voltage regulation of the alternator specified in Prob. 31-1,

when delivering rated full-load output at 100 per cent power-factor.
Draw complete vector diagram to illustrate your solution.

Prob. 33-1. (a) Solve Problem 32-1 using a load of 80 per cent
lagging power-factor.

(b) 80 per cent leading power-factor.

Prob. 34-1. What would be the voltage regulation in Problem
33-1 if . the resistance drop were neglected, and the value of syn-
chronous impedance were used in place of the value of synchronous
reactance, thus eliminating the vector dc and slightly lengthening
ca, in Fig. 39 and 40? (The Ir drop in this armature is really much
smaller than is usual.)

Prob. 85-1. Using the synchronous impedance method, cal-
culate the terminal voltage of the alternator specified in Problem
31-1, when the current output is reduced to one-half of rated full-
load value, while keeping the field excitation constant at full-load
value. Power-factor of load is constant at 80 per cent.

13. Calculation of Voltage Regulation by A.L.LE.E.
Method. The following method is prescribed by the
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Standardization Rules of the A.L.LE.E. (see Proceedings
ALEE, Aug. 1914), because experience proves that values
of regulation obtained by it are in close agreement with those
obtained by load test. The most trustworthy value of
voltage regulation is obtained by taking real load from the
generator, but on account of the amount of power required
this is not practicable with very large machines.

This method consists in computing the - regulation from
experimental data of the open-circuit saturation curve and

.
[}
//

'G

]
/ : ¢
1
§ ﬁ" Normal Voltage

g 5/ ) o

- g’ £/ d, b
<, bb/,b (o) :
ue v/ !} 1
3] *J /A
i AN
1 /S '
g’o (<} I, &e :
& /S
/, '
=1 j :
s !

lol

(o] B Fleld Exelhﬂon

Fic. 41. Curves OA and B@ are drawn from data obtained on a no-
load run and a full-load gero power-factor run. The curve Bd’ is
plotted from values obtained from OA and BG by means of Fig. 42.

the zero power-factor saturation curve. The latter curve,
or one approximating very closely to it, can be obtained by
supplying full-load current of the generator to a load of idle-
running synchronous motors adjusted to take lagging current
at lowest possible power-factor. The power-factor under
these conditions is very low and the load saturation curve
approaches very closely to what it would be at zero power-
factor with the same current delivered. From this curve
and the open-circuit curve, points for the load saturation
curve for any power-factor can be obtained by means of
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vector diagrams. From the saturation curves the voltage
regulation may be calculated.

The alternator is operated at constant rated frequency with I
equal to zero, and the voltage is measured corresponding to various
values of field current. These are plotted as “open-circuit satura-
tion” curve OA, Fig. 41. The armature is then connected to a
load capable of taking the full rated-load current of the alternator
at or near zero power-factor. Power-factors of 10 per cent or
20 per cent are practically equivalent to zero, as shown by means
of Fig. 32. The current and power-factor are kept constant while
the field current is varied, and
the corresponding values of-
volts at terminals are plotted
as curve BG, Fig. 41, usually
called the ‘“load saturation
curve’ at zero power-factor.

At any given field excitation
Oc, the voltage that would be
induced on open circuit is ac, """
The terminal voltage at zero
power-factor and full-load cur-
rent is be, and the apparent
internal drop is ab. The ter-
minal voltage dc with full-load
current of any other power- I
factor can then be found by Fig. 42. Lay off be. Draw the ver-
drawing an e.m.f. diagram as tical line from e. Draw bf at angle
in Fig. 42, where ¢ is an angle ¢ to be and swing an arc with a
the cogine of which is the radius equal to ab, Fig. 41, until
power-factor of the load. The it cuts the vertical at a. From
line be is the resistance drop @ swing an arc with a radius of ac,
(Ir) in the armature winding, Fig. 41, to cut bf atc.
ba is the total internal drop
and ac is the total induced voltage, ba and ac being laid off to
correspond with the values obtained from Fig. 41. The terminal
voltage at power-factor cos ¢ is then cb of Fig. 42, which, laid off in
Fig. 41, locates the point d. By finding a number of such points,
the curve Bdd’ for power-factor cos ¢ is obtained, and we have:

!
Regulation in per cent (at power-factor cos §) = %7 X 100,
since a’d’ is the rise in voltage when we throw off the rated full-load
current at rated voltage ¢’d’ and power-factor cos ¢.

4
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Generally the resistance drop (rI) may be neglected, as it has

very little influence on the regulation, except in very low speed

machines where the armature resistance is relatively high, or in
some cases where the regulation at unity power-factor is being
estimated; for low power-factors, its effect is negligible in practically
all cases. If resistance is neglected, the simpler e.m.f. diagram of
Fig. 43 may be used to obtain points on the load saturation curve
for the power-factor under consideration. Where it is not pos-
sible to obtain by test a zero
power-factor saturation curve,
this curve 'may be estimated
closely from open-circuit and
short-circuit curves, by a method
explained in Proceedings A.ILE.E.,

Aug. 1914, page 1263.

b Example 6. An alternator has
saturation curves as shown in Fig.
44, which are reported in Trans.
ALE.E, 1908, page 1065. Cal-
culate the voltage regulation of
this generator for a power-factor
of unity.

o

1'iG. 43. The dmgram of Fig. 42
takes this simple form when the
resistance drop be is not con-

From full-load curve at 1.00
power-factor in Fig. 44, we find
that there must be 235 amperes

sidered. in the field to produce the normal
voltage of 12,000 volts.

From the no-load saturation curve we find that these 235 amperes
in the field will produce a terminal voltage of 13,000 volts, when
the load is thrown off. The rise in voltage from full-load to no-

load is 13,000 — 12,000 = 1000.

. » 1000

The regulatnsm at 1.00 power-factor = m

Example 6. Calculate the regulation of the above generator for
a power-factor of 0.70. Neglect armature resistance.

Select a field current of 300 amperes as a value which will prob-
ably produce full-load voltage of about 12,000 volts at this power-
factor.

The difference in voltage between no-load and full-load at zero
power-factor is represented by the distance ab in Fig. 44. Lay
off this distance as ab in Fig. 45. Draw the line bc of indefinite
length at an angle of 45.5° to bz. (45.5° is the angle of which

=8.3 per cent.
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0.70 is the cosine.) In Fig. 44, the length ac is the no-load volt-
age for this field current. Take off this distance in Fig. 44 with
compasses and draw an arc in Fig. 45, with the point a as the
center, until it cuts the line b¢ at c. The line cb represents the full-
load voltage at a power-factor of 70 per cent. Lay this distance off
from ¢ to d on the line ca of Fig. 44. Draw a line through d parallcl

Saturation and Regulation
Curves of
kw, 12000-Volt
3-Phase, 25-Cycle Generator
for Niagara Falls, N.Y.
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Fra. 44. Typical test curves for an alternating-current generator.

to the curve for the full-load current at zero power-factor, and thus
determine the point d’ which shows what field current is needed to
produce a full-load voltage of 12,000 volts at 70 per cent power-
factor. The corresponding point a’ for the same field current on
the no-load curve shows the value to which this terminal voltage
will rise when the load is taken off and this field current continued.
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The distance a'd’, therefore, represents the voltage rise from
full-load to no-load at this power-factor, equal to 15,100 — 12,000,
or 3100 volts.

a'd’ 3100

Regulation at 70 per cent power-factor = m = m =

per cent.

Prob. 86-1. Calculate the voltage regulation of the alternator
of Example 5 for a power-fac-
tor of 85 per cent from these
curves.

Prob. 87-1. From the data
in Fig. 44, calculate the synchro-
nous impedance of this alter-
nator using the data of the
short~circuit test and the open-
circuit saturation curve. Cal-
culate the voltage regulation
by the synchronous impedance
method for 85 per cent power-
factor and for 100 per cent
power-factor. Neglect the re-
gistance of the armature. Com-
pare with the results of Problem
36-1 and Example 5.

Prob. 838-1. The datain the
table below for curve of full-load
saturation at zero power-factor
were taken on the alternator
specified in Problem 31-1.
Draw the zero-load and the

ALTERNATING-CURRENT ELECTRICITY

25.8

Fig. 45. The line be represents the
terminal voltage of the generator
at full-load at 70 per cent power-
factor. Values correspond to

full-load zero power-factor satu-
ration curves for this alternator.
Calculate enough of the satura-
tion curve for 80 per cent power-

factor to enable you to calculate
the per cent voltage' regulation
at this power-factor, by the A.I.LE.E. method. Compare with the
result of Problem 33-1. '

Prob. 89-1. Calculate the voltage regulation of the alternator
specified in Problems 31-1 and 38-1, by the A.I.E.E. method, at
a power-factor of 100 per cent, and compare the result with that
obtained in Problem 32-1 by the synchronous impedance method.

those in Fig. 44.
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Armature |[Armature ampe.|
volta, per phase. Field ampe.

3600 196.2 71.0
4800 106.2 86.5
6000 106.2 106.0
6300 196.5 112.0
7200 196.0 138.5
7590 195.8 155.0

14. Automatic Voltage Regulation for Generators. It
is not practicable nor economical to build alternators (and
therefore not wise to specify them) to have a voltage regula-
tion so good that they can carry the ordinary fluctuating
central station load without permitting the voltage to vary
beyond the limits of good service. Very good voltage regu-
lation increases the cost of the alternator unwarrantably, and
is likely to be obtained by sacrifice of other important
features, such as efficiency. Also good voltage regulation
requires the inductive reactance and the armature reaction
of the alternator armature to be low. When short-circuits
occur on such alternators, the current runs up to very high
values, and the magnetic forces exerted between the parts
of the winding become great enough in many cases to twist
them out of shape and injure or ruin the insulation. As a
precaution against such injuries, the armature reaction and
inductive reactance of large alternators is usually made so
high that some adjustment of the field excitation is necessary
to keep the voltage from fluctuating beyond reasonable
bounds as the load changes.

The adjustment of field current may of course be made
by band, which would require constant attention by the
station operator. - This is objectionable not only because it
is more expensive than automatic control, but also because
it can never be as good as the automatic method. The
fluctuations are too rapid to be followed successfully by eye
and by hand.



54 ALTERNATING-CURRENT ELECTRICITY

The field current may be controlled automatically by means
of a “voltage regulator,” which is usually of the Tirrill
Regulator type. Such regulators usually act to keep the
voltage sensibly constant at the generator terminals or bus-
bars. But regulators may be constructed to raise the terminal
voltage automatically as the load increases, or to compound
the generator. Compounding is sometimes used, sufficient
to compensate the voltage drop on feeders and keep the
pressure constant at some point distant from the station.

The Tirrill regulator is a rather complicated device involving the
interaction of solenoids, differential magnets, levers and contacts,
which it is not in the province of this book to describe, as no new
principles are to be learned thereby. Station operatives and
specialists who must understand the operation and adjustment of
this device, should procure the Bulletins and Instruction Sheets
which the General Electric Company publishes concerning it. The
principle of operation is simple. The regulator maintains the
desired alternator voltage by rapidly opening and closing a shunt
circuit across the field-rheostat of the exciter (or direct-current
dynamo which supplies the field current for the alternator). The
exciter field-rheostat is first turned in until the exciter voltage is
greatly reduced and the regulator circuit is then closed. Whenever
the alternator voltage is below the value which the regulator is
adjusted to maintain, the vibrating contacts come together and
short-circuit the field-rheostat of the exciter. The voltage of the
exciter and of the generator immediately rise. When it has reached
the predetermined value, the regulator contacts are automatically
opened and the field current of the exciter must again pass through
the rheostat. The resulting reduction in voltage is checked at once
by the closing of the regulator contacts, which continue to vibrate
in this manner (several times per second) and keep the generator
voltage within the desired limits.

16. Excitation for Alternators. An old practice of
having a separate exciter for each alternator has been
abandoned in plants having several alternators. The
excitation is usually furnished by two or more flat-com-
pounded direct-current generators, rated 125 or 250 volts,
each connected through its own switching, measuring and con-
trolling equipment to a set of exciter bus-bars. Shunt-
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wound exciters are preferable where Tirrill regulators are
used, also where storage batteries are used. All alternators
take field current from these common exciter busses; thus
any alternator may be connected to any exciter. The ex-
citer busses usually furnish current also for operating the
motors used to open and close oil-switches, adjust the
governors of the engines, or control the field rheostats, and
sometimes also for lighting the plant.

To insure that the plant shall never be without a source of
direct current to build up or maintain the voltage of the
alternators, it is usual to keep a storage battery ready to be
connected to the exciter busses. It is then possible to drive
some of the exciter generators by means of induction motors
or synchronous motors supplied with alternating current by
the main generators. If there is no storage battery, the
exciters are driven by separate steam engines or waterwheels,
elaborate precautions often being taken to avoid the possi-
bility of these being stalled. However, it is said that the
cost of operating a motor-driven exciter is about one-half the
cost of operating an engine-driven exciter.

A Tirrill voltage regulator, by adjusting the voltage of the
exciter bus, raises simultaneously the voltage of all genera-
tors which are operating in parallel, and thus avoids the
troublesome cross-currents between them which may result
when their excitations are adjusted independently. When
several exciters operate in parallel the regulator is equipped
with extra relays and “equalizer rheostats,” to keep them
adjusted to each other.

16. Load Capacity of an Alternator. The load or output
of a direct-current generator is measured in terms of power,
and is expressed in watts or kilowatts. The watts or kilo-
watts output of an alternating-current generator increases
in direct proportion to the effective voltage, to the effective
current, and to the power-factor. We cannot increase the
armature current beyond a certain value without exceeding
a safe temperature for the armature insulation. To raise
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the voltage we must increase the speed, the flux, or the
number of inductors or turns in series in the armature. After
the machine is built, the speed cannot be raised because
constant frequency is required. In designing the alternator,
the maximum speed is fixed by mechanical limitations (such
as stresses due to centrifugal force, balancing of rotor,
bearings, and lubrication), or by the fact that there is a most
economical speed for the prime mover which cannot be
exceeded without prohibitive sacrifice. With a given amount
of armature-copper and a given slot-space to put it in, no
advantage is gained by increasing the number of turns.
Because if we double the turns, the sectional area of the
conductor cannot be more than half as great; and for the
same maximum I*R loss as before, this would reduce the maxi-
mum allowable current to one-half the former maximum,
which would exactly offset the double voltage and leave the
capacity unchanged. The flux cannot be increased in a given
amount of iron without increasing the flux density. This
causes a relatively great increase of core-losses, and is, there-
fore, limited by the maximum allowable temperature.
Moreover, increase of flux requires large increase of field
current, and this is limited by heating of the field insulation.

We see, therefore, that the current and pressure factors
of the power output are limited in the alternator itself, by
the fact that they cannot exceed fairly definite limits without
injuring the machine. But when the alternator is delivering
its maximum amperes and maximum volts, the real power
or output in watts may have any value from the maximum
(product volts times amperes = ‘“volt-amperes”) at 100
per cent power-factor, to nothing at zero power-factor. As
the power-factor of the load depends altogether upon the
external circuit and not at all upon the alternator, it is not
fair to the alternator to rate its maximum capacity in kilo-
watts. It is always rated, therefore, in terms of volt-amperes
or kilovolt-amperes (kv-a.). The capacity in kilowatts would
be the same as the capacity in kilovolt-amperes, if the power-
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factor of the load were unity. At 50 per cent power-factor,
the kilowatt capacity would be reduced just one-half, whereas
the kilovolt-ampere capacity would be the same as before.
The design of the field winding should be sufficiently liberal
to permit, without overheating, a field current which can over-
come the demagnetizing effect of reactive lagging components
of armature current at any ordinary power-factor, and main-
tain rated voltage at the terminals.

The nature of the duty affects the capacity of an alternator
or of any electrical machine. We must distinguish between
steady load and fluctuating or intermittent load. It is com-
mon practice to rate alternators according to the kilovolt-
amperes that they can deliver constantly for an indefinite time
without overheating. Ratings for intermittent load, which
are higher than the continuous rating, are usually employed
for railway and crane motors and the like, but not for al-
ternators.

The amount of kilovolt-ampere capacity of alternators
required to supply & given load will depend, therefore,
somewhat on the shape of the load-curve and the duration
of peak loads. It depends also upon the power-factor of the
load; for, in order to supply the same kilowatts with half as
great power-factor, it requires twice as many amperes at
constant voltage, or twice as many kilovolt-amperes. It is,
therefore, profitable to select and adjust the apparatus con-
nected to the station, in such a way as to make the power-
factor as high as possible. Induction motors should not be
too large for their loads, as a lightly loaded induction motor
has a low power-factor. A good proportion of the motor load
should be in synchronous motors which may be and should be
adjusted to make the line power-factor very high. Service
to small customers should be grouped as much as possible
on larger transformers, avoiding the use of numerous small
transformers. By making the power-factor as high as pos-
sible, the size (kilovolt-ampere capacity) and cost of genera-
tors required to supply a given amount of effective power
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is kept as low as possible. The method for determining
kilovolt-ampere capacity of generator required to carry a
combination of loads is explained fully in the ‘‘ First Course.”’
It is necessary and sufficient to know any two of these three
factors, for each load; kilowatts, kilovolt-amperes, power-
factor. Whether the loads are connected in series, in parallel,
or in series-parallel grouping makes no difference in the total
kilovolt-amperes, although it may affect the current and
e.m.f. in parts of the circuit.

Prob. 40-1. What size alternator would be required to supply
loads aggregating 800 kw. steadily at 80 per cent power-factor?
What would be the input in horse-power of the prime mover to
drive this generator at this load, if the efficiency of the latter at
this load is 94 per cent?

Prob. 41-1. Show that where the load on an alternator
fluctuates rapidly, while the voltage is kept constant, the rated
kv-a. capacity should be approximately equal to the effective or
square-root-mean-square value of the kv-a. load-curve.

Prob. 42-1. A shop having its own generating plant of 500
kv-a. rated capacity uses only 300 kw., at 8] per cent power-factor.
Another nearby shop, needing more power, offers to purchase 100
kw. at 68 per cent power-factor. Can this generating plant supply
both shops together? If not how many kv-a. and kw. can be sold
to the second shop at 68 per cent power-factor, without exceeding
rated full-load of the plant?

Prob. 43-1. How many kilowatts in incandescent lamps may
be added to a 250 kv-a. alternator which is already delivering 160
kv-a. to induction motors at 75 per cent power-factor?

Prob. 44-1. Draw a curve, with power-factor as abscissas and
real power output (kw.) as ordinates, for a 400 kv-a. plant operating
at its full rated capacity.

Prob. 46-1. The total cost of a 400 kv-a. plant in Massachu-
setts, using reciprocating steam engines, and including all auxiliaries
and incidentals except the building, averages $84.00 per kv-a.
capacity. Draw a curve with power-factor as abscissas and cost
per kilowatt capacity as ordinates.

17. Short-circuits on Alternators.* When a short cir-
cuit occurs close to the terminals of an alternator which is

* Much of the data in this article is taken from General Electric Re-
view, Feb. 1909, and Electric Journal, Nov. 1913.
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operating at rated voltage and speed, the armature current
instantly rises to an effective value of from 10 to 50 times
rated full-load current. It then decreases rapidly (in from
0.2 to 2.0 seconds), to a steady value of from 1.5 to 3.0
times rated full-load current. These large initial surges of
current produce very severe mechanical stresses within
the windings, tending to twist them out of shape and to
damage the insulation. The forces between coils or parts of
the winding vary as the square of the current flowing in
them, therefore, the forces acting at the instant of short
circuit are from 100 to 2500 times as great as those acting
at rated full-load.

Obviously, we must either allow a tremendous factor of
safety in the mechanical construction of the alternator, or
adopt means to limit the amount of current that may tow
through a short-circuit. In practice, both methods are used.
That is:

(1) The windings are braced securely by clamps, par-
ticularly at the ends of the coils where they are not
supported by the slots. Fig. 46 shows the end-
windings of a turbo-alternator so braced.

(2) Reactance coils are connected in series with the gen-
erator leads which go to the switchboard. Fig. 170,
“First Course,” shows a reactance coil used for this
purpose. They usually have cores of concrete and
air; iron cores would increase the power loss in the
coil (by hysteresis and eddy currents), and the flux
would not increase any more than with air core when
the current increases on short circuit to values which
would oversaturate the iron unless a great quantity
of it were used. These coils are usually placed as
close as possible to the generator.

(3) Large generators are designed purposely to have a
bad voltage regulation, so that the excessive currents
on short-circuit shall limit themselves by cutting down
the voltage.
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The first rush of current on short circuit is very great in
relation to the final short-circuit current, because the arma-~
ture reaction is slow to take effect. During the first few
cycles after short circuit, the current is opposed only by the
resistance and real or inherent reactance of the armature (the
counter e.m.f. induced in the armature conductors by the local
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F16. 46. Armature with end-bells removed showing method of bracing
the ends of coils. Westinghouse Elect. & Mfg. Co.

flux due to the current they carry). However, as the resist-
ance is small in comparison with the reactance, the short-cir-
cuit current lags almost 90° behind the induced e.m.f. and the
armature ampere-turns strongly oppose the passage through
the armature core of flux due to the main field winding. In
the course of a short time, but not instantaneously, the useful
flux is greatly reduced by this demagnetizing action — often
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to only a few per cent of its normal or full-load value. While
the flux in the field cores is being reduced, an e.m.f. is induced
in the field coils, acting in a direction to maintain the flux —
that is, in the same direction as the normal field current.
The transient increase of field current so produced while
armature reaction is taking effect, is frequently enough fo
open the circuit breakers in the field circuit, which helps to
relieve the short-circuit.

The resistance of the armature is kept low in order that
the efficiency may be high. A common value is 1 per cent,
which means that the Ir voltage consumed in overcoming
resistance, at rated full-load current, is equal to 1 per cent
of the terminal voltage at full-load. Consequently, the value
. and damaging effects of the first rush of current must be
limited by increasing the inductance or reactance of the
armature winding. The reactance is proportional to:

(@) The frequency, directly. (If frequency is doubled,
armature reactance is doubled.)
(b) The square of the number of conductors per slot on
the armature.
(¢) A factor which depends upon the shape and number
of the slots, and their arrangement.
Generators of the largest sizes (in which short-circuit currents
are enormously powerful and dangerous) are usually driven
by steam turbines, which must be of relatively high speed
in order to be economical. Although the frequency is the
same as in slow-speed engine-driven alternators, the number
of slots is less, and the reactance much less. In an engine-
driven alternator the reactance might be 10 per cent (i.e.,
reactance voltage equal to 10 per cent of terminal voltage,
when rated full-load current flows). In a turbo-alternator

for the same rated output the reactance voltage might be -

only one-quarter as large, or 2.5 per cent. If we neglect the
(very slight) effect of resistance in determining the short-
circuit current, we see that the current in this slow-speed
engine-driven alternator will surge up to 10 times normal
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full-load current at the moment of short-circuit (until the
reactance volts equals the generated volts), whereas the
current in the turbo-alternator will surge up to‘40 times
100 per cent of generated voltage
rated current = (2.5 per cent of generated volta.ge)'
ever, as soon as these excessive currents commence to grow,
the generated voltage commences to be reduced by the
armature reaction, and the short-circuit current soon
settles down to a valué which depends upon the syn-
chronous impedance, or upon the voltage regulation of the
alternator.

Current-limiting reactances are usually designed to have
a reactance of from 3 to 6 per cent (which means a voltage
drop across them of from 3 to 6 per cent of terminal voltage
when full-load current flows). They do not have much effect
upon the voltage regulation of the generating unit, because
the regulation depends principally upon the armature reac-
tion or upon the synchronous .impedance, which is large
compared with these values of reactance.

The short circuit is relieved by an oil-switch, or circuit-
breaker, having the contacts immersed in oil. This breaker
opened automatically by the action of a relay which is con-
nected in the leads between generator and switchboard. If
the relay is set to trip quickly during the first surge of current,
great forces are generated at the switch break, often wrecking
it. If the relay is set to delay action, perhaps until after the
current has fallen, large forces are exerted upon the armature
windings and connecting cables, distorting them and often
tearing them from their fastenings. The action of switches
and relays will be taken up later.

Example 7. What is the impedance (in per cent) of the armature
of an alternator which has 6 per cent reactance and 2 per cent
resistance?

How-

Impedance = Vi + r?
V40
6.32 per cent.



ALTERNATORS : REGULATION AND CONTROL 63

Example 8. What is the inductance of each of three 5%
current-limiting reactances for the 3-phase, 5000-kv-a., 6600-volt
alternator of Example 4?

Nore: Reactances for star-connected alternators have their per-
centage based on the Y-voltage, between each terminal and neutral
of generator.

Full-load curreunt through each reactance = —5(.).201“’—.“ = 437 amp.
V3 x6.6 kv.

Volts for each terminal of generator to neutral = 6% = 3810.
Volts across each reactance at full-load = 5%, of 3810 = 190.5.

. 190.5 volts
lmpedance of each reactance coil = m = 0.436 ohm.

As the coil is made so its resistance is negligible, the reactance
is alko equal to 0.436 ohm. Therefore,
React. (ohms) _ 0.436
Inductance = = ~ 628 x &0
Rating of each reactance
= current through it times voltage across it.
= (437 X 190.5) volt-amperes, or 83.3 kv-a.

Prob. 46-1. (a) What would be the inherent impedance in per
cent, for an alternator having 10 per cent reactance and 1 per cent
resistance?

(b) For an alternator having 2.5 per cent reactance and 1
per cent resistance?

Prob. 47-1. (a) What would be the power-factor and angle of
phase difference between the induced e.m.f. and the current that
flows immediately after a short circuit on the alternator specified
in part (a) of Problem 46-1?

() Of the alternator specified in part (b) of Problem 46-1?

Prob. 48-1. (a) What per cent of rated full-load current would
flow immediately after short circuit, in the alternator of part (a)
Problem 46-1?

(b) In the alternator of part (b) Problem 46-1? Calculate this
current from the per cent of impedance, and compare with the re-
sults calculated above in the text when considering only the re-
actance.

Prob. 40-1. From the power-factor and the per cent of rated
current on short circuit, calculate the increase of torque resisting
rotation of the alternators of Problem 46-1 (a) and (b) at the mo-
ment of short circuit, in per cent of torque due to non-inductive
full-load on the alternator. Note that the speed remains sensibly
constant.

= .001157 henry.



SUMMARY OF CHAPTER 1

LOADING A GENERATOR:

(&) CAUSES PARTS OF IT TO HEAT UP. The temperature
rise limits the load which may be applied.

(b) CHANGES THE EFFICIENCY, first raising it, then lower-
ing it as the load is greatly increased. Extra high
efficiency is usually expensive unless the cost of energy
is high and the supply limited.

(c) LOWERS THE TERMINAL VOLTAGE because part of
the e.m.f. generated is used to overcome the armature
resistance and armature reactance and because of arma-
ture reaction.

ARMATURE REACTION due to the current flowing in the
armature coils of a generator:

(a) DISTORTS THE FLUX distribution of the poles by
crowding the magnetic lines to the trailing pole tip.

(b) EITHER WEAKENS OR STRENGTHENS the poles. It -
may do both in a single-phase machine, alternating at
a frequency double that of the e.m.f.

THE SYNCHRONOUS IMPEDANCE of a generator is a
term used to denote the combined effect of armature reactance
and resistance and armature reaction upon the terminal volt-
age of a generator. It equals

open-circuit volts, per phase
short-circuit amperes, per plnse’
both values corresponding to the same field excitation and speed.

THE VOLTAGE REGULATION of a generator may be cal-
culated approximately by the Synchronous Impedance Method.
This consists of combining vectorially the terminal voltage at
full-load with the reactance drop and the resistance drop of the
armature at given power-factor. The result is approximately the
terminal voltage at no-load. Then:

(no-load volts) — (full-load volts)

(full-load volts)
64

X 100%.

Regulation (per cent) =
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This method of calculation gives a slightly higher or poorer
regulation than is obtained by actually loading the alternator.

* THE A.LLE.E. METHOD of calculating the regulation con-

sists of finding graphically the no-load voltage for a field excita-
tion which will produce the required terminal voltage under
full-load at given power-factor. The saturation curves at
no-load and full-load (current) at zero power-factor are used
in this method. The results thus obtained are very close to the
values measured on tests.

THE TIRRILL REGULATOR automatically regulates the
terminal voltage of a-c. generators by rapidly varying the field
strength to make the required increase and decrease of the
voltage. Good inherent regulation is undesirable in large
machines because the low armature impedance required would
not sufficiently limit the value of currents through the machine
whenever it may be short-circuited.

THE ALTERNATOR FIELD COILS are excited from bus-
bars fed by direct-current generators. Storage batteries are
generally employed as a reserve in case of failure of the d-c.
generators. :

THE POWER CAPACITY of an alternator depends upon
the current it must deliver to supply the power. To keep this
current as low as possible for a given amount of power, the
power-factor should be high.

FLUCTUATIONS OF LOAD affect the generator capacity
required. Generator ratings are based on steady load. The
rating may safely be exceeded if the period of overload is suf-
ficiently brief.

LARGE SHORT-CIRCUIT CURRENTS exert tremendous
mechanical forces upon the parts of an alternator. Therefore,
the construction of all parts is rugged, and the impedance of
the armature is high to prevent too large currents. Separate
current-limiting reactances are also often connected between
terminals and lines.



PROBLEMS ON CHAPTER I

Prob. 80-1. A certain alternator operates steadily at rated
full-load with the temperature of its armature constant, and 45° C.
above the room temperature, which is 20° C.

(a) To what temperature will the armature rise when the room
temperature increases to 40° C., and load remains constant?

(b) If the actual temperature of the armature must not be allowed
to be above 75° C., by what percentage must the current output be
reduced below rated value to avoid overheating? Assume that
half of the full-load losses are constant, the other half are variable
and proportional to the square of the load or current output. The
excess of machine-temperature over room temperature is directly
proportional to the total losses.

Prob. 61-1. An alternator delivers 100 kw. for 8 hours per
day, at 93 per cent efficiency; then 150 kw. for 4 hours at 90 per
cent efficiency; then 50 kw. for 12 hours at 89 per cent efficiency.
Calculate the all-day efficiency.

Prob. 63-1. The alternator of Problem 51-1 is used for 12-
hour service instead of 24-hour service; that is, it operates as stated
during the 8-hour and the 4-hour periods, but is shut down com-
pletely during the remaining 12 hours. What is the all-day effi-
ciency under these conditions?

Prob. 63-1. An alternator, operating at 70 per cent power-
factor, receives 250 horse-power from the engine and delivers 250
kv-a. from its terminals. What is its efficiency?

Prob. 64-1. What would be the efficiency of Alternator No. 13,
page 18, when delivering the same (rated full-load) kv-a. as in
Table II, but at 80 per cent power-factor instead of 100 per cent?
Assume the armature copper-loss to be two-thirds of the total
copper-loss at full-load in Table II. Assume also that the full-load
field current must be 10 per cent higher at 80 per cent power-factor
than at 100 per cent power-factor, to keep the same terminal voltage.

Prob. 85-1. How many more dollars per kv-a. of capacity
could you afford to pay for Alternator No. 2 than for Alternator
No. 1 in Table II, page 18 ? Assume the machines to operate at

66
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fullload unity power-factor for 12 hours every day. Energy is
worth one cent per kw-hour. Capital invested in the machinery
must earn at least 12 per cent to pay ‘“fixed charges” in this plant.

Prob. 86-1. The saturation curve (between field current and
open-circuit voltage) of a given alternator is a straight line from
zero volts up to about 50 per cent above rated voltage. If the
voltage regulation of this alternator under given conditions is 20
per cent, by what percentage of its full-load value must the field
current be increased or diminished when the load is removed, in
order that the voltage shall not change? By what percentage will
the I’R loss in the field windings at zero-load be greater or less than
at rated full-load?

Prob. 67-1. The curve between current output and terminal
voltage of a given alternator is a straight line. The voltage regu-
lation at unity power-factor is 10 per cent. What is the maximum
sudden variation of load (expressed in per cent of rated load) that
may occur without changing the terminal voltage more than 2 per
cent of its previous value:

(a) when operating at full-load;

(b) when operating at half-load?

Prob. 868-1. If the load on the alternator in Problem 5§7-1
fluctuates suddenly over a range of 25 per cent of rated load, what
should be the per cent voltage regulation in order that the terminal
voltage shall not change more than 2 per cent of rated full-load
voltage?

Prob. 69-1. If the saturation curve (between field current and
open-circuit volts) for the alternator of Problem 18-1 were practi-
cally a straight line from zero volts to 50 per cent above rated
voltage, calculate the percentage by which the field current must be
increased above its rated-load value, in order to maintain rated
terminal voltage with 25 per cent overload, at unity power-factor.

Prob. 60-1. Solve Problem 59-1 on the basis of a load having
80 per cent lagging power-factor.
Prob. 61-1. By what percentage is the /?R loss and rate of

heating in the field greater than at rated full-load in Problems
60-1 and 61-1?

Prob. 62-1. Draw a vector diagram illustrating a phase rela-
tion between current and terminal pressure which would make the
voltage regulation zero, or zero-load voltage same as full-load
voltage, for the generator of Prob. 18-1,

Calculate the power-factor of the load, for this case.
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Prob. 63-1. In Problem 18-1, calculate:

(a) the power-factor of the entire circuit including the arma~
ture;

(b) the total power in the entire circuit;

(c) the total IR watts lost in the armature;

(d) the total power generated minus total IR loss. Check this
last result against the power output as calculated from terminal
volts and amperes, and load power-factor. Does the armature
reactance represent any loss of power, or only loss of pressure?

Prob. 64-1. Repeat the calculations of Problem 63-1, with the
same alternator operating as specified in Problem 62-1.

Prob. 66-1. Solve Problems 28-1 and 29-1 with respect to a
two-phase alternator.

Prob. 86-1. The alternator specified in Problem 28-1 has a
power-factor of 80 per cent for the entire circuit including the arma-
ture winding. Calculate the values of cross-magnetizing and de-
magnetizing ampere-turns, on the basis of Fig. 38. Show that
the number of demagnetizing ampere-turns is directly proportional
to the component of I which lags 90° behind E;.

Prob. 67-1. Assume that the induced e.m.f. is reduced by the
demagnetizing effect of armature current, by an amount directly
proportional to the component of I which is 90° behind the induced
voltage, and that this amount is 40 per cent at zero power-factor
with rated full-load current. Calculate the per cent voltage
regulation, when the alternator of Problem 18-1 delivers full-load
current lagging 30° behind the induced e.m.f. E;.

Prob. 68-1. By the synchronous impedance method, calculate
the terminal voltage of the alternator specified in Problem 31-1,
when delivering current of rated full-load value at zero power-factor,
the field excitation being such as would deliver rated full-load
terminal volts on open circuit.

Prob. 69-1. By the synchronous impedance method, calculate
the open-circuit volts of the alternator specified in Problem 31-1,
corresponding to the field excitation which will produce rated full-
load voltage at terminals when delivering full-load amperes at zero
power-factor.

Prob. 70-1. An ordinary turbo-alternator has a final or
“‘sustained”’ short-circuit current about 2.5 times rated full-load
current when short-circuited under full-load excitation. The re-
sistance drop is 1 per cent. The initial short-circuit current is
20 times normal. Calculate: -



— e ———

ALTERNATORS: REGULATION AND CONTROL 69

(a) synchronous impedance (e.m.f.), and
(b) the synchronous reactance (e.m.f.), each as percentage of the
terminal e.mf. at rated load.

Prob. 7T1-1. The voltage regulation of the turbo-alternator of
Problem 70-1 on non-inductive load is found to be approximately
8 per cent. (a) Calculate by the synchronous impedance method
(Art. 12) its voltage regulation from the per cent of resistance drop
and of synchronous reactance drop as calculated in Problem 70-1.
Compere with the measured value of 8 per cent. (b) Calculate
synchronous reactance from measured regulation of 8 per cent, IR
being 1 per cent as in Problem 70.

Prob. 72-1. Calculate the inherent reactance in per cent, if the
current that flows immediately after short-circuit is ten times rated
fulldoad current of the alternator of Problem 70.

Prob. 73-1. Draw a vector diagram representing values and
phase relations of current, terminal e.m.f., resistance e.m.f., re-
actance e.m.f., and generated e.m.f., at non-inductive rated full-
load, for the alternator of Problem 71-1. All voltages are to be
expressed in per cent of rated voltage. Calculate:

(a) The angle of phase difference between terminal e.m.f. and
generated e.m.f.

() The component of armature current lagging 90° behind
generated e.m.f., as a percentage of rated full-load current.

Prob. 74-1. Draw a vector diagram similar to that of Problem
73-1, but representing conditions on short circuit. Calculate:

(a) Angle of phase difference between current and generated
emf.

() Component of armature current lagging 90° behind generated
e.m.f., as a percentage of rated full-load current.

Note that short-circuit current is 2.5 times full-load current, and
the terminal e.m.f. is zero.

Prob. 76-1. Assume that the weakening of useful flux due to
armature reaction is directly proportional to the component of
armature current which lags 90° behind the generated e.m.f.*
(@) From the diagrams and results of Problems 73-1 and 74-1,
calculate how many times greater this weakening should be on
short-circuit than on non-inductive load. (b)) How many times
greater is the synchronous reactance (as calculated from short-
circuit data) than the reactance as calculated from 8 per cent regu-
lation and 1 per cent resistance drop on non-inductive full-load
(when armature demagnetizing effect is relatively small)?

* See pages 36 (top) and 39 (middle).



70 ALTERNATING-CURRENT ELECTRICITY

Prob. 76-1. Actual short-circuit measurements by oscillo-
graph on nine alternators, ranging in size from 500 kv-a. to 19,000
kv-a. rated capacity (see Electric Journal, Nov., 1913), showed the
current immediately after short-circuit to be between 10 and 26
times rated full-load current. What were the limiting values of
inherent reactance in this collection of generators, assuming the
resistance drop at full-load to be 1 per cent of rated voltage?

Prob. T7-1. The alternator of Problems 70-1 and 72-1 is
operated at §§ of the former speed, keeping the same field excita-
tion. (a) By what percentage would the inherent reactance and
inherent impedance be increased over their respective former
values? (b) By what per cent would the synchronous reactance
and synchronous impedance be increased over their former values?

Prob. 78-1. (a) By what per cent would the initial (effective)
value of short-circuit amperes be altered by the change in speed
specified in Problem 77-1?

(b)) By what per cent would the final value of short-circuit
current be decreased?

Prob. 79-1. By the synchronous impedance method, calculate
the per cent voltage regulation on non-inductive load for the gen-
erator specified in Problem 70-1 after making the alteration speci-
fied in Problem 77-1.

Prob. 80-1. An external reactance having a drop equal to 5
per cent of terminal voltage at rated full-load is connected in
the leads to switchboard from the generator specified in Problem
72-1. The resistance of this current-limiting reactance is entirely
negligible. Calculate:

(a) Total true reactance and total impedance of armature and
coil together, in per cent of rated voltage of alternator.

(b) Current flowing through armature and coil immediately after
short circuit. Compare results of Problem 72-1.

Prob. 81-1. Calculate the voltage regulation of the alternator
combined with its reactance as specified in Problem 80-1, on
rated full-load non-inductive. Use the synchronous impedance
method of calculation. Draw complete vector diagram to illustrate.

Prob. 82-1. By what percentage is the initial current on
short circuit reduced, by connecting a 5 per cent current-limiting
reactance in series with the leads from an alternator having 10 per
cent inherent reactance?

Prob. 83-1. The inherent reactance of a 25-cycle turbo-
alternator is 5 per cent. What would be the per cent reactance of
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this same alternator when operated at a frequency of 60 cycles,
same voltage?

Prob. 84-1. For some purposes current-limiting reactances
placed in each feeder going out from the bus-bars is considered
preferable to reactances placed in the generator leads going to the
bus-bars. The author of a paper in Proc. A LEE., Feb. 1914,
makes the statement that 5000 kv-a. at 0.8 power-factor flowing
over a reactance of 3 per cent in a feeder gives a voltage drop of
approximately 1.9 per cent. Draw a vector diagram to illustrate
the conditions, and verify this result by calculation.

Prob. 85-1. In discussion of the paper referred to in Problem
84-1, an engineer states that his calculations showed, with three-
conductor No. 000 feeder subject to short circuit of 60,000 amperes,
that the repulsive force between conductors per running foot was
approximately one ton. On this basis, calculate the value of the
repulsive force acting between the same conductors when carrying
normal full-load current from a three-phase alternator rated 30,000
kv-a. at 11,000 volts.

Prob. 86-1. Oscillograph records show that an onl-swntch in
average operation cannot be depended upon to open a short circuit
in a shorter period of time than 12 cycles on a 25-cycle system. If
the short circuit is 60,000 amperes, how many gram-calories of heat
energy will be generated in one foot length of No. 000 B. & S. gauge
copper feeder before the circuit breaker opens? How many degrees
Centigrade temperature rise will this heat produce in the conductor?
Assume that no heat is lost during this short time; the specific heat
of copper is 0.09846.

Prob. 87-1. Current,-hmltlng reactances are rated in terms
of kv-a., the product of current through them and kilovolts drop
&Cross them

(@) What would be the rating in kv-a. of one unit of a three-
phase 5-per cent reactance set for a 25,000 kv-a. generator ?

(b) Show that the kv-a. of a reactance varies as the square of the
current through it,




CHAPTER 1II
ALTERNATORS IN PARALLEL

IT is more economical to produce electric power in large
power plants than in small plants (for explanation, see
Chapter I). Also, large generators, and engines or turbines,
are more efficient and economical than smaller ones. There
are numerous central stations with an aggregate rated
capacity over 100,000 kv-a., and there are numerous turbo-
alternators as large as 25,000 kv-a. rated capacity. It
requires several generators (even of the largest size that
can be built), therefore, to carry the load of one of the
larger stations. Even in a smaller station, the total re-
quired capacity is divided into several units, so that only
enough capacity need be in operation at any hour of the
day to be nearly fully loaded by the power demand at
that hour. This results in a higher efficiency than would
be obtained with fewer and larger units operating under-
loaded during the hours between the peak loads.

Each generator in the power plant delivers its output
(through a set of devices for controlling and measuring the
load of the generator and protecting the system from trouble)
to a set of common cdnductors called bus-bars. Each of the
feeders, which transmit the power to the centers of distri-
bution or substations from which it is retailed, is connected
to these bus-bars through the necessary switches, regulators
and meters for controlling and measuring the output of the
station and protecting the feeders from damage in case of
short-circuits on them. The system of connections for a
complete plant having several generators and feeders and
with all their auxiliary equipment is too complicated to be

72
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introduced here. We shall discuss only the alternating-
current features of the interaction between the generators,
using for illustration a very much simplified dmgram of
connections.

18. Alternators in Parallel. Practically all Amencan cen-
tral stations are committed to the parallel system of dis-
tribution at constant voltage. In order to keep a constant
voltage while a varying number of generators supply the
power, it is necessary to connect them in parallel with one
another. When so connected, the terminal voltage of all
generators must be the same (equal to the voltage between
the common bus-bars), and the total current delivered
through the bus-bars to the load should be equal to the
(arithmetical) sum of currents delivered by the armatures
of the several generators. However, incorrect adjustments
may cause to circulate between the armatures local currents,
which never reach the external circuit and therefore con-
tribute nothing to the useful output of the station, although
they increase the heating of the armatures and correspond-
ingly reduce the amount of useful current which the alter-
nators can deliver.

We must, therefore, understand clearly the following
factors of satisfactory paralle] operation of alternators:

(1) How to connect the alternator properly to the system,
or “cut it in”’ as operators often say. Also, how to take it
out of service properly.

(2) How to transfer load from one alternator to another
in parallel.

(3) How to adjust for minimum armature current and
heating, in each alternator, while carrying a given load; or,
how to get maximum kilowatt capacity and efficiency in
the alternators which are operating.

19. Similarities in Direct-current Parallel Operation.
Before we may properly connect two batteries in parallel
(as G1 and G: in Fig. 47), we must know that their voltages
are nearly equal. Then we connect the positive poles to-
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gether to one line wire B;, and the negative poles together to
the other line wire B;. The current taken by any load K
connected between B, and B; will be shared equally by G4
and Gy, if the internal or generated

B voltages of the two batteries are
= equal and their internal resistances
G-i iG: SR arealso equal. This is necessary in

el _‘r': 3 order that the terminal voltages
-:L_——- may be equal, which is essential

B . ..
Fre. 4'7. The e.m.f’s and [OT & parallel combination. If the

the internal resistances of open-circuit voltage of Gy is larger

the two batteriesGy and Gy than that of G, but the internal

must be equal if they are registances are equal, then when
to deliver equal currents ¢hov 516 connected in parallel, Ga

when connected in par- . .

allel. will deliver enough more current

than G, to make its terminal volt-
age equal to that of G, by reason of the greater internal r1
drop. )

If now the external resistance is decreased so as to take
30 amperes more, the batteries will divide this increase
equally between them as long as the internal resistances are
equal. The terminal voltages were equal before the change,
and must be g0 after the change, hence the increase of rI drop
must be the same in both batteries; and since the resistances
are equal, the increases of current must also be equal. But
if the internal resistance of G, is twice as great as that of
G, the increase of current in Gy will be only one-half as great
as the increase in G,; that is, Gy will increase 10 amperes and
G, will increase 20 amperes. The same reasoning will show
that the terminal voltages of G; and G; cannot be equal
unless this is s80; the currents will continue to change, and
we shall not have equilibrium, until the terminal voltages
are equal.

Thus we see that the automatic sharing of changes of load
depends upon the relation of internal resistances, whereas
the initial distribution of the load is controlled by the relation

AAAAAA
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between the generated or open-circuit voltages. If these
voltages were exactly equal, no current would flow in either
machine when the external circuit R is opened; both bat-
teries reach zero-load at the same time. But if the voltage
of Gy is larger than that of @), then G; will force a current
through G, in a direction opposite to the e.m.f. of the latter,
when the external circuit is open; that is, Ga delivers power

, and G, receives it.

The case of direct-current generators is quite similar, as
illustrated in Fig. 48. Suppose G; is connected to the bus-
bars and delivering current to a

load RL. While G, is running
at constant speed, we adjust its
field current. (by rheostat Rs)
until its open-circuit voltage is

equal to the bus-bar voltage or
the terminal voltage of the other Fia. 48 The e.m.f.’s and the in-
generator. We then connect ternal :eswtwez of gle dlgecg
141 an

the + pole of Gy to the + bus, :ll:;ru‘i?i bgetheer:amr: in|order fo:'
and the — pole of G, to the — o to operate well in par-
bus. The e.m.f. of G: just bal- gajiel. The load of each is con-
ances the bus voltage, and G: trolled by means of its field
neither delivers nor takes cur- rheostat which changes the
rent. If now the induced volt- voltage generated.

age of Gy is increased, it causes G; to deliver some current
to the load. The total load current remains the same as
before, therefore the current output of G, decreases just as
much as that of G; increases. These changes cause the termi-
nal voltage of G; to fall below the induced voltage, and that of
G, to rise above its former value, on account of changes in their
respective rI drops and armature reactions. The current of Gs
will continue to increase, and that of G, to decrease in equal
amount, until the terminal voltages of G, and G are again
equal; then the currents will become constant. The voltage
between bus-bars will be increased slightly by this adjust-
ment. If we raise the field excitation of G; far enough we
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can make it take all of the load and force current through G'5
in opposition to its induced e.m.f., thus running G, as a motor.

When the load increases on the system shown in Fig. 48,
the sharing of the increase will depend upon the relative
voltage regulation of the two generators. Suppose the ter-
minal voltage of G; decreases 1 volt per 100 amperes de-
livered, and that of G: decreases 2 volts per 100 amperes.
If the external load RL increases by 30 amperes, the current
delivered by G, will increase by 20 amperes and the current
output of Gy will increase by 10 amperes. This will cause the
same decrease of terminal voltage for both machines (namely,
0.2 volt) and will keep the terminal voltages equal.

Variations in the speed of G, and G affect the distribution
and sharing of load, only in so far as these variations affect the
e.m.f. induced in the armatures, and the inherent voltage
regulation. The actual value of the speed is immaterial;
we control the load by controlling the voltage, and generators
of any speed may work together satisfactorily in parallel.

Example 1. A storage battery of 0.03 ohm internal resistance
which gives 12 volts on open circuit is connected in parallel with
another battery of 0.04 ohm internal resistance which gives 12.2
volts on open circuit. What current is each delivering when the
load on the combination is 20 amperes?

Construct Fig. 49.

The current delivered by B = z amp.

The current delivered by A = 20 — z amp.

Voltage across B =122 - 0.04z.

Voltage across A =12-0.03 (20 — z).

But the terminal voltage across both batteries must be the same
since they are in parallel.

Therefore

12 - 0.03(20 — z) = 122 — 0.04z
12-06+003z =122 — 0.04z
0072z=08
_08

0.07
Current delivered by B = 11.4 amp.

Current delivered by A = 20 — 11.4
= 8.6 amp.

x
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Prob. 1-2. A storage battery which has an internal resistance
of 0.024 ohm and gives 6.00 volts on open circuit is connected in
parallel with another battery which has the same internal resistance,
but which gives 6.20 volts on open circuit. Draw curves, using as
abscissas the total amperes delivered to the external circuit, and as
ordinates the following:

(a) Amperes in 6.0-volt battery.

(b) Amperes in 6.2-volt battery. .

(¢) Terminal voltage. The external current increases from zero
to 100 amperes.

20— amp. 20 amp.
> >
A : t'e.
TSE .02 ohi
jm n

12.0 vol
12.2 volts

T
|

Fig. 49. The batteries A and B of different e.m.f.’s and different in-
ternal resistances are connected in parallel.

Prob. 2-2. A storage battery which has an internal resistance
of 0.024 ohm and gives 6.00 volts on open circuit is connected in
parallel with another battery which gives the same open-circuit
voltage but has an internal resistance of 0.030 ohm. Draw curves,
using as abscissas the total amperes delivered to the external circuit,
and as ordinates the following:

(@) Amperes in 0.024-ohm battery.

(b) Amperes in 0.030-ohm battery.

(c) Terminal voltage. The external current increases from
zero to 100 amperes.

Prob. 3-3. A storage battery which has an internal resistance
of 0.024 ohm and gives 6.0 volts on open circuit is connected in
parallel with another battery which has an internal resistance of
0.030 ohm and gives 6.2 volts on open circuit. Draw curves, using
as abscissas the total amperes delivered to the external circuit, and
as ordinates the following:

(a) Amperes in the 6.2-volt battery.

(b) Amperes in the 6.0-volt battery.

(¢) Terminal voltage. The external current increases from zero
to 100 amperes. Compare these results with those of Problems
1-2 and 2-2.
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Prob. 4-2. If the maximum current that may be taken from
either battery in Problem 1-2 without injury is 50 amperes, cal-
culate:

(a) The terminal voltage and watts output of each battery

when operated separately and delivering its maximum current.
(b) The total maximum watts output of the two batteries when

operated separately.

(c) The maximum total watts output when operating in parallel.
Compare (b) and (), and discuss therefrom the disadvantages of
parallel operation without adjustments.

Prob. 6-2. Solve Problem 4 with relation to the batteries
specified in Problem 2, and discuss therefrom the disadvantages
of paralleling generators having dissimilar characteristics.

Prob. 6-2. Solve Problem 4 with relation to the batteries speci-
fied in Problem 3.

20. Synchronizing and Paralleling Alternators. The
simplest possible connections for paralleling two single-phase
alternators are shown in Fig. 50. Before the main switches
S may be closed, connecting the armatures together through
the bus-bars B, Bs, the following relations should be obtained,
at least, approximately:

(1) Theinduced e.m.f.’s of the armatures A; and A, must
be equal. As the e.m.f.’s alternate, this should be true
at every instant.

(2) Similar terminals of A; and A, must be connected
to the same bus-bar. Similar terminals mean arma~
ture terminals which are positive at the same time,
and negative at the same time.

Notice that these requireménts are like the requirements for
paralleling direct-current generators. However, in order
that the altematmg e.m.f.’s shall be equal at every instant we
must have:

(la) The frequency of A, equal to the frequency

Of Az.

(10) The e.m.f. of A, in phase with the e.m.f. of As.

(1c) The wave-form of A, the same as the wave-form

of Ag.



ALTERNATORS : PARALLEL OPERATION 79

The apparatus ordinarily used to indicate whether these
conditions, except ‘‘ 1c,” are fulfilled are a voltmeter and some
form of * synchronoscope,” or synchroscope. The latter is a
device to indicate when the alternator is in synchronism and
in phase with the bus-bars to which we desire to connect it.
Two alternators are in synchronism with each other when

/A; /Ag

8 =Main switches

L =Synchronizing lamps
¢.B.= Circuit breaker

1 = Ammeter

W = Wattmeter

v = Voltmeter
8,8, Bus bars

¥ ‘=Feeder circuits

By Bus Bars =B,

B, - - T By
' F; F. Fl F‘

Feeders " XFeoders
Fig. 50. Simple diagram showing the essential apparatus used in par-
alleling two alternators.

they have the same (constant) frequency. The simplest
form of synchroscope is the ‘‘synchronizing lamps,” LL,
Fig. 50.

Consider that S, is closed and alternator A, is producing
an alternating e.m.f. between bus-bars B,, B, but all feeders
are disconnected and no current is flowing. In order to
connect A in parallel, we first bring up its speed until the
frequency is nearly the same as that of A, or of the bus-bars.
We then adjust the field current of A. until its effective
voltage is nearly equal to that of 4,. It is customary, and
preferable, to use the same voltmeter to measure both volt-
ages, connecting it by means of a voltmeter-switch first
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to the armature terminals of 4, or to the bus-bars, and then

to the armature terminals of A; as indicated in Fig. 50.

Although the main switch S, is open, the armatures 4; and

A, are joined together through the synchronizing lamps

which are permanently connected in parallel with the switch

blades, as shown. The behavior of these lamps now indi- .
cates quite accurately what further adjustments must be

made before closing S;. Thus:

(1) If the lamps become bright and dark alternately, it indi-
cates that the frequencies of A, and A; are different. The
number of light-beats per second is equal to the difference
between these frequencies. The lamp does not show which
alternator is too fast or too slow; the speed of the incom-
ing machine A, must be raised or lowered until the light
and dark periods are long and follow each other very
slowly.

(2) While the lamps are dark, when connected as in
Fig. 50, they indicate that the resultant voltage of 4, and
4, in series is nearly zero, or that the voltages e, and e; are
nearly equal at all instants, and in the same direction
with respect to the bus-bars or in opposite directions with
respect to each other in the local circuit between the arma-
tures. If the lamps remain dark, we infer that the effective
voltages E; and E; are equal and in phase (with respect to
the bus-bars), and the alternators are in exact synchronism.
However, it may mean that the filament of one of the lamps
has broken; therefore, we prefer to adjust the speed of A,
80 that the lamps brighten and darken slowly, and close the
switch S; at about the middle of a dark period. In this way
we have more recent evidence that the lamps are in good
operating condition.

(3) If the lamps stay bright, it may mean that:

(a) E,is greater or less than E;, and the alternators are
in synchronism, either in phase, or out of phase.

(b) E.is greater or less than E,, and there is great differ-
ence between the frequencies. In this case there is a
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tendency for the light to flicker, which may not be per-
ceptible to the eye if the frequencies differ sufficiently.
(¢) The alternators are in synchronism but out of
phase; in this case, there may be any relation be-
tween the effective values of E, and E;.
In any such event the speed of the incoming alternator, A.,
should be varied until the brightness of the lamps changes
slowly; then its voltage E; should be raised or lowered until
the lamps become quite dark between bright periods. Thus
we attain the condition described in (1), and we close the
switch S; as described in (2). The switch should never be
closed while the lamps are bright, because the brightness
indicates a considerable voltage between points which would
be short-circuited by the switch blade.

ARSI A
VAVIAVTAVRVAVVRVAY/

~e
) T
__________

F1a.51. Wave-form E; completes 7 cycles while E; completes 8. These
in subtractive series produce resultant Ex.

The reason why the synchronizing lamps L brighten and darken
alternately when the frequencies of E, and E, differ, as explained
under (1) above, is illustrated in Fig. 51a and 51b. The former
shows the two e.m.f. waves, having the same wave-form and same
effective value, but differing in frequency; E. completes 7 cycles
while E, is completing 8 cycles. The e.m.f. which lights the lamps
is the resultant in the local circuit formed by the armatures A4, and
A, in series; and as Fig. 51a is drawn on the assumption that the
positive direction of e.mn.f. in both armatures is toward the same
bus-bar, the local resultant is the vector difference between E, and
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E,, and we must reverse E; before adding it to E;. After doing this,
we obtain the curve shown as Eg in Fig. 51b, which represents the
e.m.f. acting on lamps L,Ls in series. In the time during which E»
completes one less number of cycles than E,, the e.m.f. acting on the

I16. 52. Wave-forms E; and E; are now completing the same number
of cycles per second. They have a phase difference of 180° and the
resulting voltage is zero. The synchronizing lamps are therefore dark.

lamps is alternating rapidly but its effective value increases from
zero to a maximum and back to zero again (as indicated by the
dotted line in Fig. 51b). This causes the lamps to bnghten and
da.rken correspondingly; thus, if the frequency of E; is 60 cycles
o . Der second, and that of E; is § of
Eq Eq "E, 60 or 52% cycles per second, then
Fia. 53. Vector diagram of con- the lamps brighten 60 — 52.5 or
ditions in Fig. 52 showing that 75133‘4:&*00':2- il ite £
; : up A; until its fre-
the resulting voltage is zero. quency equals that of 4; (namely,
60 cycles per second), meanwhile keeping E; equal to E;. When
this is accomplished, we may find E; directly opposed to E, at every
instant and the resultant Eg nearly zero as shown in Fig. 52. Or
we may find E, nearly in phase with E, in the local circuit between

Fic. 54.” E; and E; complete the same number of cycles per second, but
E, leads E; by about 60°. The resultant voltage Er keeps the syn-
chronising lamps glowing.

the armatures, and the resultant Epg nearly equal to (E; + E.),
as shown in Fig. 54. In the case shown in Fig. 52 the lamps remain
dark, as stated under (2) above. In the case of Fig. 54 the lamps
remain bright, as stated under (3¢c) above. We may pass from the
condition of Fig. 54 to that of Fig. 52 by speeding up or slowing
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down A, very slightly until E; comes in opposition to E,, then
changing the speed back again to synchronism.

When A and A, are in synchronism and in phase but E, is greater
than E,, we have the condition stated under (3a) above and shown
in Fig. 56. A resultant e.m.f. Ep
acts on the lamps, equal to the &
arithmetical difference between E,
and E,. This emf. Ep has a
constant effective value and the
same frequency as E; and E;; —
therefore, the lamps L.L, will "
glow steadily. An incandescent Fra. 55. The vector diagram of
lamp will not emit light when the conditions of Fig. 54, show-
the voltage (Eg) is less than ing that E, and E, have a
about 40 per cent of the rated resultant Eg, which keeps the
voltage of the lamp; this is the synchronising lamps glowing.
reason why we wait until the
middle of a dark period before closing the main switch S, so as to
be quit® sure that Ep is as small as possible.

When E; and E, are not in synchronism and are unequal in value,

- - >
Eq Eq E,
Fic. 56. The voltages E; and E; complete the same number of cycles .
per second and have a phase difference of 180° with respect to each
other, but E, is greater than E,.

the lamps indicate as explained under (3b) above. Suppose the
frequencies are as shown in Fig. 51a. Then E, falls behind by 1
cycle while E, passes through 8 cycles, or, for each cycle passed

\

- —€ © >E

E E e

Frg. 57. Vector diagram showing derivation of resultant voltage act-
ing on synchronizing lamps when the e.m.f.’s of the generators are
unequal in value and of different frequency. This diagram shows
conditions at the time when Ez is minimum.

through by E,, Es’lags } cycle further behind E,. Fig. 57 repre-
sents conditions at the instant when the e.m.f. Er, acting upon the
lamps, has its minimum value. Fig. 58 shows conditions at the
instant when E, has completed one more cycle; Fig. 59 after still
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another cycle of E), and so on. Comparing Fig. 57 and 60, we
see that the effective value of Ey, varies between a minimum equal
to (E: — E,) and a maximum equal to (E: + E,), the number of

Fia. 58. The voltage across the lamps has this value of Ez when E,
has completed one cycle more than in Fig. 57, and is § cycle further

ahead of E,.
R “\
ececcemcmm———— H Y
Fia. 59. The voltage E; has completed still another cycle and is now
another } cycle ahead of E,.
G- > =
E, Ey EA

Fic. 60. The voltage wave E; has completed two more cycles since
Fig. 59, and is  cycle further ahead of E;. This causes E; and E, to
be momentarily in phase and the resulting voltage Ez is a maximum.

fluctuations per second of this resultant being equal to the difference
between the frequencies of E; and E,.

Consider now what happens when E; and E, have the same
effective value and are in synchronism and in phase, but have
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different wave-forms. Thus let the wave of e; be extremely peaked,
as shown in Fig. 61, and the wave of ¢, be extremely flat, as shown
in Fig. 62. The resultant e.m.f. (¢;) in the local circuit between

Curve of &3
s
(=]
[
-
§ ——1 cycle or 1 pel od=;—o 8ec. Time (veconds)
£
=
8
A
c
"
Fi1g. 61. An extremely peaked wave-form.
Curvc of €
F! L ' —
S
8
g
§ Time (seconds)
g l«— 1lcycleorl pcriod=¢l0(ec.—a
o
-

F16. 62. An extremely flat-top wave-form.

Curvc of e,

s Curve of ¢,

AN

I'tc. 63. Curve e, is the resulting curve when e.m.f. of wave-form in
Fig. 61 is joined in series with the e.m.f. of wave-form in Fig. 62. The
two e.m.f.’s are in synchronism and have a phase difference of 180°,

and have the same effective value. Note that the resultant voltage
is not zero, however.

Instantancous Volts

e of er

the two armatures, wherc ¢; and e, act in series, must always have
an effective value greater than zcro, as illustrated in Fig. 63. It
would be impossible to find an adjustment of values or phase rela-
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tion of e and e; which would eliminate this resultant e.mf. ¢, as
long as the wave-forms of ¢, and e, are different.

Example 2. Alternator A, in Fig. 50 has a terminal e.m.f. of
110 volts of sine wave-form, and has a frequency of 59 cycles. A2
has a terminal e.m.f. of 112 volts of sine wave-form, aud a frequency
of 61 cycles per second. When 8, is closed and S i8 open:

(@) What is the greatest effective voltage across each lamp,
assuming that they are all alike?

(b) How many light-beats occur each second?

Solution.

(a) The greatest effective voltage across the lamps is always the
sum of the effective e.m.f.’s of the two generators.

E,+ E; =110+ 112
= 222 volts.

But when S, is closed, two lamps (L,L;) are in series so that the
greatest effective voltage across each lamp is 2—;—0 = 111 volts.

() The number of light-beats per second always equals the
difference between the frequencies of the generators. In this case
it equals 61 — 59 = 2 light-beats per second.

Prob. 7-2. Each alternator shown in Fig. 50 generates an
harmonic e.m.f. of 220 volts effective value. The frequencies are
60 and 58 cycles per second. 8 is closed and S; open. The syn-
chronizing lamps are all alike.

(a) What is the greatest effective voltage across each lamp L,?

(b) How many of these maxima per minute?

(c) What should be the rated voltage of each lamp in order to
avoid burning it out prematurely?

Prob. 8-2. Each alternator in Fig. 50 generates an harmonic
e.n.f. of 60 cycles frequency. 8, is closed and S. open; all lamps
L are alike. The terminal e.m.f. of 4, is 240 volts and of A, is
200 volts, effective values. What is the effective voltage across
each synchromzmg lamp L,:

(a) When the phase difference between E, and E, lS such that
this voltage is greatest?

(b) When this voltage is minimum?

Prob. 9-2. The wave-form of e.m.f. in each alternator of Fig.
50 is harmonic, but A, generates an effective value of 240 volts at 60
cycles per second, while A, generates an effective value of 200 volts
at 58 cycles per second. Describe the behavior of each lamp L and
calculate maximum and minimum values of the effective voltage
across it. Both switches SuS; are open.



ALTERNATORS: PARALLEL OPERATION 87

Prob. 10-2. One alternator of Fig. 50 generates an e.m.f. wave
of the form shown in Fig. 62, and the other generator an e.m.f. as
shown in Fig. 61. The voltmeter indicates 220 volts across each
alternator on open circuit. The alternators are in synchronism and
in phase, as shown in Fig. 63. Calculate:

(a) The maximum instantaneous e.m.f. of A;.

(b) Maximum instantaneous e.m.f. of A,.

(c) Effective value of e.m.f. acting in local circuit of armatures,

across Lal.L,L,.

Prob. 11-2. Draw the wave of resultant e.m.f. in the local
circuit between the alternators of Problem 10-2 for the phase rela-
tion which makes the effective value of this resultant the greatest.
Calculate this greatest value in effective volts.

21. Synchronizing Currents. Phantom Load. We have
gone into details regarding this resultant e.m.f. Eg in the
local circuit between armatures, because it determines what
happens when the main switch S is closed. In general, we
may state that whenever the wave-forms, or the frequencies,
or the effective voltages of the two alternators are not exactly
the same, or when they are not exactly in phase, there will
be a resultant e.m.f. which causes a current to circulate
between the armatures as soon as the main switches are
closed. As the synchronizing lamps LL are short-circuited
by the switch blades, the only reactions limiting the amount
of current that flows through the local circuit of the armatures
are those due to resistance, inherent reactance and the arma-
ture reaction of the armature-currents. As these factors are
relatively small, slight differences between E; and E, produce
large values of this circulating current, which is called the
synchronizing current.

The action of the synchronizing current upon E; and E,
is always such as to reduce Eg; thus, the synchronizing
current limits itself and tends to reconcile the differences
between E; and E,, making the alternators operate together
more smoothly. However, the synchronizing current heats
the armatures, and a relatively small difference between E,
and E, is sufficient to reduce seriously the capacity of the
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armatures for delivering useful current to the external load.
The synchronizing current is superposed upon any load cur-
rent which either alternator may be delivering to the external
circuit. This subject will be considered in the next article.
While the feeders are disconnected, let us examine the
synchronizing current due to a poor adjustment of E, and
E,, and the effects which it produces. Consider Fig. 56,
where the e.m.f.’s are in synchronism and in phase with re-
spect to the bus-bar voltage and are both of harmonic wave-
form, but E; is greater than E,. Assume that E, = 2200
volts, E, = 2000 volts. Synchronous reactance of each arma-
ture = 2.0 ohms; resistance of each armature = 0.2 ohm.
Then, assuming that the resistance and reactance in the bus-
bars and in the leads from armatures to switchboard are neg-
ligibly small or are included in the above figures we have:
Total resistance in local circuit of armatures = 0.2 +
0.2 = 0.4 ohm.
Total (synchronous) reactance, including inherent react-
ance and armature reaction = 2.0 + 2.0 = 4.0 ohms.
Total (synchronous) impedance = V/(0.4)* + (4.0)* =
Vv16.16 = 4.02 ohms.
Then, from Fig. 56, we see that:
Egr = E; — E, = 2200 — 2000 = 200 volts, effective
value.
Er _ 200
total synch. imped.  4.02
= 49.8 amperes (R.M.S. value).
This current lags behind the e.m.f. Eg which produces it,
by an angle §, whose value depends upon the ratio of re-
actance to resistance in the local circuit. Thus, in Fig. 64,
tan ° =
total synchronous reactance of local circuit in armatures
total resistance of local circuit in armatures
4.0
=04- 10,
or 0 =84°18’,

Synchronizing current (Is) =
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Now, Is in this case is almost wholly reactive with respect
to the e.m.f.’s of both alternators. Thus, if
P, = power developed by Ig in flowing through armature
which generates E;
and

F, = power developed by Is in flowing through armature
which generates E,,

then
Py = Ig X E3 X cos8 = 49.8 X 2200 X 0.09932
= +4 10,890 watts
and

P, = Ig X E, X cos (180° — 6°) = 49.8 X 2000 X
(—0.09932) = — 9900 watts.

F
>ty

' Er
F1:.64. 'The synchronizing current /s must lag behind the voltage Ex
by an angle 6 whose value depends upon the ratio between reactance
and resistance of armature circuits.

I,

A

m,

Positive power signifies generator action, and negative
power signifies motor action. When the induced e.m.f. of
any dynamo produces a current (in the same direction as the
emf., of course), the magnetic force exerted between this
current and the field is such as to oppose the motion which
produces the e.m.f. (Lenz’s Law). Therefore, it follows that
whenever a current flows through the conductors in the
direction opposite to the e.m.f. which is being induced in
them, the force action is also opposite; therefore, it helps to
produce the rotation by which the e.m.(f. is induced. In
other words, we have motor action whenever the current
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flows in direction opposite to the induced e.m.f., and genera~-
tor action whenever the current flows in the same direction
as the induced e.m.f. These facts underlie the operation of
the synchronous motor, as will be seen.

In the present case, we see that 10,890 watts of electrical
power are generated in the higher-voltage alternator, As, of
which 9900 watts go to produce motor action in A,. The
remainder, 10,890 — 9900, or 990 watts, represents the power
transformed into heat by the current Is flowing against the
resistance of the two armatures. That is, I*R = (49.8)* X
0.4 = 990 watts (check). The 9900 watts of motor action
in the lower-voltage alternator A, tends to push it ahead in
the direction of rotation. But the instant that the vector
E, advances with respect to vector E; the resultant e.m.f.
Er and current Ig are changed, and in such manner that
the power input to A, (and motor action produced thereby)

F1a. 65. Voltage ) has advanced 15° toward E;. Eg has therefore
become larger than in Fig. 64, also more nearly in phase with E,. [s
has proportionally increased and is more nearly in phase with E,.

are reduced. Therefore, E, will advance on E; just far

enough to reduce the electrical power intake of A, to an
amount which is sufficient to hold 4, at synchronous speed;
then we shall have equilibrium and Is will be constant.

Thus, in Fig. 65 vector E, has advanced in phase about 15°

with respect to vector E,; notice that the synchronizing

current Ig is thereby increased in value (in proportion to

Epg, which is increased by the change of phase relation be-

tween E; and E,), and thrown more nearly in phase with

E.. Even this slight advance of 15° by E, changes P, from
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negative (motor action) to positive (generator action), and
changes A, from generator to motor. As both alternators
are being driven by their engines at exactly the same fre-
quency, the phase displacement will not proceed far enough
to produce any motor action, but only far enough to reduce
the motor action to a zero value. Hence the phase advance
of E, due to the motor action of the synchronizing current
that flows immediately after the switch is closed under the
condition shown by Fig. 64 will be stopped long before it
has amounted o 15 electrical degrees.

The most important action of the synchronizing current
(Is, Fig. 64), due o inequality of alternator voltages, is now
to be noted. Is leads the induced e.m.f. E, of the lower-
voltage alternator by nearly 90°, and it lags behind the in-
duced e.m.f. E; of the higher voltage alternator by almost
90°. We have seen (Art. 9) that when the armature cur-
rent lags 90° behind the induced e.m.f. it exercises a rela-
tively strong demagnetizing influence, and when it leads
the induced e.m.f. by 90° it tends to strengthen the field.
Hence, we see that I's will weaken the field of A, and hereby
reduce E., while at the same time it will strengthen the field
of A, and increase E,. Therefore, E; and E, will be made
more nearly equal to each other by the armature reactions
due to Is; and as E; approaches E, in value, Eg is reduced.
Here again we see the wonderful self-adjustment of the alter-
nator; the synchronizing current limits itself automatically by
bringing about within the machines such actions or reactions
as shall make their e.m.f.’s more nearly as they should be.

Prob. 12-2. Before closing the switches in Fig. 50, alternator
A, i generating 220 volts and A, is generating 190 volts. The
switches were closed when the synchronizing lamps were at the
middle of a dark period, but such a small difference of voltage could
not be indicated by the lamps, and was not noticed on the voltmeter
as it should have been. Each alternator is rated 100 kv-a. 220
volts, and has a resistance of 1 per cent and inherent reactance of
10 per cent. Calculate for the instant immediately following the
switching, with no load on the bus-bars:
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(a) Amperes flowing in both armatures after switches are closed.

(b) Terminal voltage of each armature.

Note that these two terminal voltages should be equal; this
furnishes a check on your work. Draw vector diagrams showing
how the terminal voltage of each alternator was obtained. The
wave-form of each generator is harmonic.

Prob. 18-2. From the data and results of Problem 12, calculate
the values of the following quantities the moment after the switch
is closed, and before the alternators adjust their phase relations.

(a) Electrical power generated in one alternator.

(b) Electrical power output from terminals of this alternator, or
input to terminals of the other alternator. .

(c) Electrical power used to overcome induced (counter) e.m.f.
of other alternator, or to develop mechanical power in its rotor.

(d) I’R loss, in each armature.

Check your work by comparing (d) with the difference between
(a) and (b), or between (b) and (c).

Prob. 14-2. If each lamp L. in Fig. 50 is rated 220 volts and
its filament does not become visible until the voltage reaches 90
volts, what is the maximum difference that may exist between the
effective values of terminal e.m f. in the two alternators, while the
lamps still appear to be dark during the synchronizing process (S,
closed, S; open)? If the switches are closed when this difference
of voltages exists with the lower-voltage machine running light but
adjusted to 220 volts, calculate the results called for in Problem
13-2. Conditions, other than voltage, proper for paralleling.

Prob. 16-2. Calculate the results called for in Problem 13-2,
after equilibrium has been established. Assume that the primeé
movers have exactly the same load-speed curve (flat, with speed
regulation of 1 per cent).

22. Synchronizing Power. If one alternator happens to
be ahead of the other in phase at the moment of closing the
main switch (S, Fig. 50), a local synchronizing current will
flow which takes electrical power from the machine that leads
and delivers it to the machine that lags. Thus, the for-
mer tends to be pulled back by generator action, while the
latter tends to be pushed ahead by motor action, and the
two e.m.f.’s come more nearly into phase. But while this is
occurring, the resultant e.m.f. Eg is being reduced, because
it is produced by the phase difference between E. and E,,
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with respect to the bus-bars. And as Ig is directly propor-
tional to Ep we see again that the synchronizing current
tends to limit itself, as it brings the alternators more nearly
into their proper relation to each other.

For instance, suppose that we close the main switch at a
moment when E, is 15° in advance of its proper phase relation
to E,, as shown in Fig. 65. The resultant e.m.f. is Eg and
the local synchronizing current is I's. If the valuesof E; and
E, are known, and the angle E;OFE, between them, it is simply a
problem in trigonometry to find the value of E, also the phase
angle between Eg and E; or E,. From the total synchronous
reactance and total resistance of the armature circuit we
calculate the angle 6. Then, we are able to find the value
of the angle between Ig and E,, or between Ig and E;. The
value of Ig (in amperes) is equal to Eg (in volts) divided by
the total synchronous impedance (in ohms) of the circuit be-
tween armatures. Then

P, =E\Igcosa and P; = E.Igcosp.

Notice that P, is positive, representing generator action, and
that P. is negative, representing motor action. This results
in pulling vector E, back in clockwise direction and pushing
vector E; ahead in counter-clockwise direction, thus bringing
them more nearly into diametrically opposite phase relation,
as they should have been before the switch was closed. The
total power transformed into heat in the armatures should be

I (Ri+ Ry) = P, + Py = (E\Jscosa + ExlscosB).

The mechanical power P which is interchanged between the
machines when they are out of phase and which tends to bring
them into phase, is a very important factor in parallel opera-
tion of alternators. It is called the synchronizing power. Par-
allel operation is always more satisfactory when the alternators
are designed so that a small change of phase relation between
E, and E. produces a large amount of synchronizing power.
By comparing Fig. 66 with Fig. 65, we see that this desir-
able condition is obtained when the reactance of the arma-
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tures is large compared with their resistance, because then
the angle 0 is large, which makes the angle a small and the
angle 8 large for a given phase difference between E; and E,
and a given value of synchronous impedance. Thus, if
difficulty is experienced in keeping alternators in parallel,
conditions may be improved by inserting reactances in series
with the armatures (similar to current-limiting reactances)
provided the resistance is not increased in proportion. How-
ever, if the reactance is made too large, the amount of the
synchronizing current is reduced more than its power-factor
is increased and thus the synchronizing power may be re-
duced. It is possible to determine the conditions under
which synchronizing power attains a maximum value for
given machines.

Difficulty in parallel operation is more likely to be ex-
perienced with alternators having good voltage regulation

Ig

Fi1a. 66. The larger the angle 6 is the larger 8 will become and the
smaller « will be. The angle 6 is large when the armature reactanceis -
large in comparison with the armature resistance. Compare Fig. 65.

than with alternators having bad voltage regulation. Good

voltage regulation means small armature reaction, small re-
actance and small synchronous impedance. As shown by

Fig. 65 and 66, low reactance means small synchronizing

power for a given phase-displacement between E; and E,, or

" & large amount of phase-displacement to produce enough

synchronizing power to hold the alternators in step, which

leads to “hunting” of the alternators. Moreover, low
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synchronous impedance means that a slight movement of the
armatures (or E; and E, vectors) with relation to each other,
or small values of Eg, will produce large values of Is. Such
movements are likely to result from the inequalities of the
force acting upon the piston of a steam or gas engine as the
working fluid in the cylinder expands during each stroke,
unless heavy flywheels are used. If the voltage regulation
of the alternators is good and the reactance correspondingly
small, very slight relative movements of the armatures will
produce large synchronizing currents (Is); but under such
conditions the synchronizing current represents compara-
tively little synchronizing power; therefore, greater phase
displacements and larger values of Is are necessary to hold
the alternators in step. Hence, we see that the circulating
current will be large, and this will reduce the capacity of the
alternators for carrying useful load.

If one alternator tends to turn slower than another in
parallel with it, the synchronizing power comes into play and
prevents this. Suppose that E, and E, were exactly in phase
(as shown by Fig. 64) when the parallel connection was made,
but that A, has a tendency to run faster than A,. This
would be the case if the synchronizing lamps were brighten-
ing and darkening slowly, and the switch were closed in the
middle of a dark period. A moment later E, would have
advanced slightly on Ej, as in Fig. 65. The resultant Eg
thereby produced would cause a synchronizing current Ig
which would make the fast machine A, act as generator and
the slow machine A: act as a motor. As a result, the fast
machine would be slowed down and the slow one speeded up,
until they were brought into synchronism. As this condition
approaches, the resultant Ep decreases, and the synchronizing
current Ig therefore gradually approaches constancy.

Example 10. Two 500-kv-a. alternators each running as a
single-phase machine and each having a voltage of 2300 volts were
thrown in parallel, when they were at what was believed to be the
correct phase relation, that is, the e.m.f.’s were supposed to be 180°
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apart. Generator A, however, was 20° ahead of this correct 180°
position with regard to generator B. Each generator has a 10 per
cent inherent reactance and & 2 per cent resistance. Which gener-
ator delivers synchronizing power to the other, and how great is this
power?

Draw Fig. 67, and note that if the two e.m.f.’s are not exactly
equal and in phase, in the opposite direction to each other, one
alternator will force current through the other.

g
g @
&
HH °
3 5
Fm 67. The two alternators are in parallel, and their e.m.f.’s have the
same positive direction with respect to the line.

through A

Positive direction

Ep En

Fia. 68. The synchronizing current I's is nearly opposite to the voltage
" Ep. Thus B receives synchronizing power from A in Fig. 67.

Construct Fig. 68, drawing Ep to represent the terminal voltage
of generator B. Draw A’ at 180° to Ep to represent the e.m.f. of
generator A at the position which it should occupy if the generators
were in synchronism and in phase. Then draw E 4, leading A’ by
20° to represent the terminal voltage of generator A, 20° ahead
of its synchronous position. The resultant of these two terminal
voltages which tends to send a current circulating through the two
machines is Eg. The phase difference between E4 and Ep is
180° — 20° = 160°. )
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Er = VEA*+ Eg* + 2 E4Ep cos 160°

= v/2300% + 23002 4+ 2 X 2300 X 2300 X (— cos 20°)
= 794 volts.

Per cent synchronous impedance of combination = V102 4 22 =
10.2 per cent.
Voltage to overcome impedance at full load = 0.102 X 4600 =
469 volts.

Armature current at full-load, unity power-factor = 5OOE 000 _
217 amperes.
Synchronous impedance of combination = 469 _ 2.16 ohms.

217
Therefore the resultant voltage Er will force through the arma-
tures a synchronizing current of

794
Ig= 216~ 368 amperes.
The phase angle ¢ between Eg and I's depends upon the relation
of the reactance to the resistance of the armature circuit.
Thus
reactance 2 X 10 _

resistance 2 X2

tan ¢ = 5

or
¢ = 78.7°.

The angle 8, the phase difference between E 4 (the voltage across
—78.7°=13°

generator A) and I g (the synchronizing current) = 1620

The power generated by alternator A equals:

Py = E lgcost
= 2300 X 368 X cos 1.3°
= 846,000 watts
= 846 kw.

The power used by B tending to synchronize B with A equals

Pg = Eplg cos (80° + 78.7°)
= 2300 X 368 X cos 158.7°
= — 788,000 watts
= — 788 kw.

The synchronizing power which generator A delivers to generator
B is, therefore, 738 kw.
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Thus generator A is pulled back by 846 kw. and generator B is
pushed ahead by 788 kw. The total I’R loss is (846 — 788) or

58 kw. The power transferred thru bus-bars is (846 - 52—8) or
(788+ %) or 817 kw.

Prob. 16-2. (a) If each lamp L, in Fig. 50 is rated 220 volts and
its filament does not become visible until the voltage reaches 90
volts, what is the maximum phase difference that may exist be-
tween the two alternators, each generating 220 volts, while the
lamps L, still appear to be in their dark period with S; closed? If
the switch S; is closed when this phase difference exists and each
alternator is 100 kv-a. 220 volts, 10 per cent reactance and 1 per
cent resistance, calculate:

(b) Synchronizing current, in effective amperes.

(c) Voltage of bus-bars.

(d) Power transferred through bus-bars from one alternator to
the other.

Prob. 17-2. Repeat calculations of Problem 16-2, on the
assumption that each generator has a reactance of 5 per cent and
a resistance of 1 per cent. Compare with corresponding results of
Problem 16. By what percentage is the I?R loss due to this syn-
chronizing current increased by the change of reactance? By what-
percentage is the synchronizing power increased or diminished?

Prob. 18-2. Repeat calculations of Problem 16-2, but on the
assumption that each generator has the same impedance but only
half as much reactance. Compare with corresponding results of°
Problems 16-2 and 17-2. By what percentage would the armature
PR of these alternators be greater than that of the alternators
in Problem 12-2, at the same (rated) load in both cases?

23. Distribution of Load on Alternators in Parallel. In
practice, an alternator 4, would be well loaded before A; is
started and paralleled with it. Thus, in Fig. 69, E,’ repre-
sents the terminal e.m.f. of alternator A,, which is delivering
to the external circuit a current I,’ at power-factor equal to
(cos @). The output of A, is equal to (Ei'I,’ cos a) watts.
Now alternator A is manipulated so as to make its open-
circuit voltage E; equal to Ey, and also in synchronism
and in phase with E,’. The main switch is then closed, but
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Aj neither delivers any current or power, nor takes any. To
make A, take some of the load from A,, we let a little more
steam, or water, or gas into the prime mover which drives it,
as the type may require. This makes the power input
) greater than the losses in A; and the machine speeds up, to

F1c. 69. The polar vector diagram for showing the result of connecting
a generator with voltage En in parallel with a generator of voltage E;’,
when the latter is already delivering a current of 1)’ at a power-factor
of cos a. )

absorb the excess as kinetic energy. This causes the vector
E, to advance on E, to a new phase relation represented by
Ex. The angular advance ¢ produces a resultant e.m.f.
Eg in the local circuit of the armatures, and this produces a
synchronizing current I, lagging 0 degrees behind Ep, where
Ig is defined completely as usual, by the equations:

_Ex_ Ex ,
T Z VR AR+ X+ X

_ total synchronous reactance of A,and 4, _ Xi + X,
total effective resistance of A, and A R+ R,

Now I is the only current flowing through A4,, but in 4,,
we have both Ig and I,/ flowing. The total current in A4, is
the vector sum of Is and I, or I, in Fig. 69. The phase
angle between Ig and Ey is less than 90°; therefore A, is
acting as a generator and is generating electric power equal to

Pz = E,Jscosﬂ.

The addition of the synchronizing component (Is) has
changed the total current (I,) carried by A4, to less than what

Is

tan 6
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it was (I,") before the adjustment of A,. Moreover, it has
changed the phase angle between E,’ and the current in A,,
to a value (v) which is greater than what previously was ().
For these two reasons, the total power output from the ter-
minals of A, is less than it was before the adjustment of A,.
That is:

(E\'I, cosv) is less than (E,'Iy cos a).

Thus it appears that letting more power into the engine
which drives 4; has taken some load off A, and has put it
on A;. As the load comes on A, it produces a resisting
torque which opposes the increase of speed that started the
readjustment. Therefore the speed will increase only enough
to cause A, to take on a load sufficient (together with the
losses in A3) to equal the increased input to A,. When this
state has been reached, the increase of speed (started by
opening the throttle-valve of the prime mover) is arrested
and we have equilibrium, with a steady load and current in
" each alternator. )

The total current output of both alternators (I, @ I)
should now be the same as the current (Z,’) which was
delivered by A, alone before A, was paralleled.

This can be shown by combining I: (= Ig) vectorially with I,.
We find that the resultant coincides with I,’. Of course it is neces-
sary to reverse the vector OI, before combining it with OI,, because
in Fig. 69 the vectors relating to A, have been reversed in order to
make them show conditions with relation to the local circuit of the
armatures of which the positive directions are opposite, whereas now
we desire to know conditions with relation to the bus-bars, the posi-
tive direction of which is the same as that through both armatures.

To avoid cenfusion of lines, Fig. 69 has not been made entirely
complete. The production of current in A, causes a voltage drop
in the armature, which makes the terminal voltage differ from Ea,
as to both value and phase. The change in the value and in power-
factor of the current in 4, causes a change in the voltage drop within
this armature, so that the terminal voltage of A, becomes different
from E,’ as to both value and phase. The currents will continue
. to change, and equilibrium will not be reached, until both the terminal
> yoltages and the frequefcies have become absolutely equal.
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Prob. 19-2. Each of the single-phase alternators shown in Fig.
50 is rated 100 kv-a., 220 volts, and each generates a practically
harmonic e.m.f. wave. Each has a resistance of 2 per cent and a
“sustained’’ short-circuit current five times normal full-load cur-
rent, when the field current is such as will produce 220 volts at ter-
minals on full non-inductive load. Calculate:

(a) The synchronous impedance, in ohms.

(b) The effective resistance of the armature, in ohms.

(¢) The synchronous reactance, in ohms.

Prob. 20-2. Alternator A4,, Prob. 19, is delivering 125 per cent
of its rated full-load kv-a. to an external circuit at 220 volts and 87
per cent power-factor. Alternator A, is synchronized perfectly,
and connected in parallel to the bus-bars. Draw a vector diagram
similar to Fig. 69, showing this condition of affairs. From the
resistance and reactance of A, and the current flowing in it, locate
the vector representing its total induced e.m.f., or excitation
voltage on this vector diagram.

Prob. 21-2. Now let the driving force behind A, in Problem
20-2 be increased enough to advance the vector of its induced e.m.f..
by 10 electrical degrees (that is, ¢ = 10° in Fig. 69). Assume
that the amount of current delivered to the external load and its
phase relation to the induced e.m.f.’s, and the induced voltage of
both generators, remain unchanged. Calculate for the instant be-
fore any adjustment of phase occurs:

(a) The current flowing in As,.

() The current flowing in A,.

(¢) The power generated in A..

(d) The power generated by A;,. Draw these current vectors on
the vector diagram of Problem 20.

Prob. 22-2. On the vector diagram similar to Fig. 69 repre-
senting conditions of Problem 21 add to Ex the reactions due to I,
and thus find the vector representing terminal voltage of generator
A,. Notice that this is not equal to the terminal e.m.f. of Ay, as it
was before the redistribution of load. Show how the terminal
e.m.f. of A; becomes equal to that of A,.

Prob. 28-2. The two alternators specified in Problem 19 are
operating together in parallel each loaded to rated kilovolt-amperes
at 87 per cent power-factor, the external load being 200 kv-a. at
220 volts and 87 per cent power-factor. Draw the complete vector
diagram showing terminal and induced e.m.f. and armature current
in each alternator, and total current delivered from bus-bars.
Calculate: - )



102 ALTERNATING-CURRENT ELECTRICITY

(a) The value of generated e.m.f. by synchronous impedance
method.

(b) The value of the synchronizing component of armature cur-
rent, in amperes.

24. Governing. Speed Regulation. Load Distribution.
We have just seen that in order to increase the load on
an alternator which is operating in parallel with others, we
must adjust the prime mover which drives this alternator
so as to make it push harder. The converse of this is
also true; if we desire to decrease the load on this alternator
we reduce or throttle the power supplied to drive it, or make
the adjustment which would reduce the speed of the alter-
nator if it were operating alone. But as soon as A, begins
to fall behind A4,, or lag in phase, a resultant e.m.f. and a
synchronizing current are produced in the circuit of the
armatures. This synchronizing current represents motor
action in the lagging machine and generator action in the
leading machine (see Art. 22). The resultant of these
actions and the load currents already flowing in the arma-
tures is to reduce the generator action or electrical power
output of the alternator whose prime mover was throttled
down, and to increase correspondingly the generator action
and electrical output of the other alternator. The throttled
generator will continue to fall behind (as to phase, but not
as to speed), and the synchronizing component of current
will continue to grow, until the load on this alternator (plus
the losses) is reduced to just equal the power received from
the prime mover. Then the alternator will cease falling
behind and the currents and power outputs of the alternators
will be steady.

In most power plants, the prime mover driving each
alternator has its own governor, or device to keep the speed
‘“constant’” by shutting off automatically the supply of
steam- or gas- or water-power as the load on the alternator
is reduced, or increasing the power supply as the load on the
alternator is increased. This is necessary if the units are



ALTERNATORS: PARALLEL OPERATION 103

ever to be operated singly and without constant attention.
A governor is not “stable” or safe unless some increase of
speed is necessary to reduce the power supply and some
decrease of speed to increase the power supply. Now sup-
pose that the governor controlling the speed of 4; has a
speed regulation of 2 per cent, or allows the speed to rise to
102 per cent of the full-load speed when the load is reduced
from rated full-load (of 1000 kv-a., non-inductive) to.zero-
load. And suppose the governor controlling the speed of
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Fic. 70. The relation between output and speed of generators
Al and A’.

A, has a speed regulation of 4 per cent, and the rated full-load
is the same as for A,.

If the speed of each unit varies in exact proportion to the
load, we have conditions as represented in Fig. 70. Thus,
at 100 per cent of rated load and speed, A; and A, each
delivers 1000 kw., and the total load is 2000 kw.; at 101 per
cent of rated speed, 4, delivers 750 kw. and A, delivers
500 kw., the total load now being (750 4 500 = 1250) kw.
Proceeding in this way, we get the data from Fig. 70 by
which to plot curves as in Fig. 71, showing the distribution
of load between A; and A; at various values of total load on
the bus-bars. From this it appears that the unit having
the better speed regulation (A4;) drops load faster while the

()
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total load is being reduced, and takes on load faster when
the total load is being increased. Two units operating in
parallel will keep the load more nearly proportionally divided
between them for all values of total load, when their speed
regulation is more nearly the same. It is generally found

as
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Fig. 71. Relation between total output to bus-bars and the output of

each generator. These curves are obtained from those in Fig. 70.

that a closer speed regulation than 4 per cent is undesirable
for alternators.

When the switchboard operator desires to make A; take
a larger share of the load than the automatic action of its
governor permits it to take, he adjusts the governor in a way
which would make the unit run at a higher speed if it were
operating alone. As has been seen, when the alternator
attempts to run faster it automatically takes on enough more
load to prevent its speed from increasing; its rotor merely
forges ahead slightly relative to the other rotor but continues
to rotate at practically the same speed as before.
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Prob. 24-2. The speed regulation of the prime mover driving
alternator A, in Problem 23-2 is 1 per cent and that of 4, is 1}
per cent. Rated full-load of each prime-mover is considered to be
100 kv-a. at 87 per cent power-factor, from the alternator.

(@) Draw curves similar to Fig. 70 and 71, showing relation
between total kilowatts and kilowatts delivered by each alternator.

Use a large scale for speed.
(b) At what per cent of rated load kw. is each unit working in

Prob. 23?

Prob. 26-2. (a) When the total load is reduced to 100 kv-a.,
still at 87 per cent power-factor, what kw. is each alternator of
Problem 24 delivering?

() If the terminal voltage were kept constant by a regulator,
what would be the load component of current in each armature?

(¢) The regulator used also adjusts the field excitations and gen-
erated voltages so that the power-factor of each armature is the
same as that of the load. Draw a complete vector diagram for this
condition, showing bus-bar e.m.f., current output from each alter-
nator, XI and RI drops in each armature and generated e.m.f. in
each armature.

26. Field Excitation Controls Power-Factor but not
Load Distribution. It should be clearly understood that
the adjustment of the field excitation does not control the
distribution of load between alternators in parallel. Such
adjustment affects mainly the reactive component of current
flowing through each armature, by means of the synchroniz-
ing current, and merely changes the power-factor of the
generators. This is shown in Fig. 72-75, which represent
relations in two single-phase generators, or in corresponding
phases of two similar polyphase generators. The constants
used are as follows:

Volts induced in one phase of each generator (initially)
= 2000.

Amperes delivered from one phase of each generator to
load = 100.

Phase difference between load current and induced volts,
in one phase of each generator equals 30°, or power-
factor of entire circuit in each phase = 87 per cent.
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Synchronous reactance of one phase of each generator =
2.0 ohms.
Effective resistance corresponding = 0.2 ohm.

Fig. 72 refers to the two alternators together, or to the
bus-bars. In Fig. 73 the vectors of A, have been reversed
»g=200 to illustrate the phase relations
in the local armature circuit

formed by this phase of A.

and 4,. We now increase the

I=200amp. induced e.m.f. of A; by 10 per

Fia. 72. The vector E represents cent, making it 2200 volts. As

the induced voltage of each gen- . .
erator with respect to the bus- shown in Fig. 74, we have a
bars. I represents the current resultant e.m.f. Eg= 200 volts,

delivered by both generators which produces a nearly re-

together. active synchronizing current
(Is) of almost 50 amperes. The total current flowing in A
is now Iy’ and in A4, it is now I,’.

By this adjustment of the field excitation of As, we have
reduced the reactive component and also the total value of
current in A,, and have raised the power-factor of A, to
practically 100 per cent. On the other hand, we have in-

a=30=arc 0os 0.87

(15100)

N =30 E=2000
(E = 2000) @ =30° v
=100

Fia. 73. The currents and voltages of Fig. 72 are here drawn with
res