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PREFACE.

THE first part of the following volume originated from a
series of University lectures which I once promised to deliver.
This part can, to a certain extent, be considered as an in-
troduction to my work on “Theory and Calculation of
Alternating Current Phenomena,” leading up very gradually
from the ordinary sine wave representation of the alternating
current to the graphical representation by polar codrdinates,
from there to rectangular components of polar vectors, and
ultimately to the symbolic representation by the complex
quantity. The present work is, however, broader in its
scope, in so far as it comprises the fundamental principles
not only of alternating, but also of direct currents.

The second part is a series of monographs of the more
important electrical apparatus, alternating as well as direct
current. Itis, in a certain respect, supplementary to «Al-
ternating Current Phenomena.” While in the latter work I
have presented the general principles of alternating current
phenomena, in the present volume I intended to give a
specific discussion of the particular features of individual
apparatus. In consequence thereof, this part of the book
- is somewhat less theoretical, and more descriptive, my inten-
tion being to present the most important electrical apparatus
in all their characteristic features as regard to external and
internal structure, action under normal and abnormal condi-
- tions, individually and in connection with other apparatus, etc.

I have restricted the work to those apparatus which ex-
perience has shown as of practical importance, and give only

it
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iv PREFACE.

those theories and methods which an extended experience
in the design and operation has shown as of practical utility.
I consider this the more desirable as, especially of late years,
electrical literature has been haunted by so many theories
(for instance of the induction machine) which are incorrect,
or too complicated for use, or valueless in practical applica-
tion. In the class last mentioned are most of the graphical
methods, which, while they may give an approximate insight
in the inter-relation of phenomena, fail entirely in engineering
practice owing to the great difference in the magnitudes of
the vectors in the same diagram, and to the synthetic method
of graphical representation, which generally requires one
to start with the quantity which the diagram is intended to
determine.

I originally intended to add a chapter on Rectifying Ap-
paratus, as arc light machines and alternating current recti-
fiers, but had to postpone this, due to the incomplete state
of the theory of these apparatus.

The same notation has been used as in the Third Edition
of ¢« Alternating Current Phenomena,” that is, vector quanti-
ties denoted by dotted capitals. The same classification
and nomenclature have been used as given by the report of
the Standardizing Committee of the American Institute of
‘Electrical Engineers.
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PART L

GENERAL THEORY.

1. MAGNETISM AND ELECTRIC CURRENT,

A magnet pole attracting (or repelling) another magnet
pole of equal strength at unit distance with unit force * is
called a wnit magnet pole.

The space surrounding a magnet pole is called a mag-
netic field of force, or magnetic field.

The magnetic field at unit distance from a unit magnet
pole is called a wnit magnetic field, and is represented by
one line of magnetic force (or shortly “one line”) per cm?
and from a unit magnet pole thus issue a total of 4 = lines
of magnetic force.

The total number of lines of force issuing from a magnet
pole is called its magnetic flux.

The magnetic flux ® of a magnet pole of strength s is,

D =4d7m.

At the distance R from a magnet pole of strength 7,
and therefore of flux & = 4 =, the magnetic field has the
intensity,

P m
G i K

since the & lines issuing from the pole distribute over the
area of a sphere of radius R, that is the area 4 = R%

* That is, at 1 cm distance with such force as to give to the mass of 1 gramme the
acceleration of 1cm per second.

1



D ELECTRICAL ENGINEERING

A magnetic field of intensity 3¢ exerts upon a magnet
pole of strength 72 the force,
m3C.

Thus two magnet poles of strengths sz, and 2, and dis-
tance R, exert upon each other the force,
my m,
7
Electric currents produce magnetic fields also. That is,
the space surrounding the conductor carrying an electric
current is a magnetic field, which appears and disappears
and varies with the current producing it, and is indeed an
essential part of the phenomenon called an electric current.

Thus an electric current represents a maguetomotive
Jorce (M.M.F.). ,

The magnetic field of a straight conductor consists of
lines of magnetic force surrounding the conductor in con-
centric circles. The intensity of this magnetic field is pro-
portional to the current strength and inversely proportional
to the distance from the conductor.

Unit current is the current which in a straight conductor
produces unit field intensity at unit distance from the con-
ductor, that is, one line per cm? in the magnetic circuit of
27 cm. length surrounding the conductor as concentric
circle, or twice this field intensity at unit distance from a
closed current loop, that is a turn, consisting of conductor
and return conductor.

One-tenth of unit current is the practical unit, called ozne
ampere.

One ampere-turn thus produces at unit distance from the

conductor the field intensity .2, and at distance & the field
2 : ' ; Cal
intensity 7? , and § ampere-turns the field intensities 3¢ = .2 &

2§
and ¥ = ¥ T respectively.

F, that is, the product of amperes and turns, is called
magnetomotive force (M.M.F.).
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The M.M.F. per unit length of magnetic circuit, or ratio,

o length of magnetic circuit

is called the magnetizing force.
Thus, at unit distance from the conductor of a loop of
g ampere-turns M.M.F ., the magnetizing force is

F
. et =
or at distance R
F
S= 27 R
and since the field intensity at distance R is
27
ST

we have,
B=Arf=1257f

If a conductor is coiled in a spiral of / cm length and V

N .
turns, thus z = - turns per cm’ length of spiral, and 7

= current in amperes passing through the conductor, the
M.M.F. of the spiral is,

F=N7
and the magnetizing force in the middle of the spiral ‘that
is, neglecting the reaction of the ends),

$=n[=j—}fl.

Thus, the field intensity in the middle of the spiral or

solenoid,
JC == .4 7Tf
=Adxnl.

That is, 1 ampere-turn per cm length of magnetic circuit
produces .4 = = 1.257 lines of magnetic force per cm®

10 amperes, or unit current, per cm length of magnetic
circuit, produces 4  lines of magnetic force per cm®>. That
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is, unit current is the current which, when acting upon a
magnetic circuit (in air) of unit length (or 1 cm), produces
the same number of lines of magnetic force per cm? (4 =),
as issue altogether from a unit magnet pole.
M.M.F. F applies to the total magnetic circuit, or part of
the magnetic circuit. It is measured in ampere-turns.
Magnetizing force f is the M.M.F. per unit length of
magnetic circuit. It is measured in ampere-turns per cm.
Field intensity 3¢ is the number of lines of force per cm?
If /=length of magnetic circuit or part of magnetic
circuit,

§=1_f f=§§
=4dxnf f=_i'_c.
=1.257f S =796

The preceding applies only to magnetic fields in air or
other unmagnetic materials.

If the medium in which the magnetic field is established
is a “magnetic material,” the number of lines of force per
cm? is different and usually many times greater. (Slightly
less in diamagnetic. materials.) .

The ratio of the number of lines of force in a medium,
to the number of lines of force which the same magnetizing
force would produce in air (or rather in a vacuum), is called
the permeability or magnetic conductivity p of the medium.

The number of lines of force per cm® in a magnetic
medium is called the magnetic induction ® The number
of lines of force produced by the same magnetizing force in
air is called the.ffeld intensity 3c.

In air, magnetic induction ® and field intensity J¢ are
equal.

As a rule, the magnetizing force in a magnetic circuit is
changed by the introduction of a magnetic material, due to
the change of distribution of the magnetic flux.

The permeability of air = 1 and is constant
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The permeability of iron and other magnetic materials
varies with the magnetizing force between a little above 1
and about 4000 in soft iron.

The magnetizing force / in a medium of permeability u
produces the field intensity 3¢ = .47/ and the magnetic
induction ® = .4 wp /.

EXAMPLES.

(1.) To hold a horizontal bar magnet of 12 cm length,
pivoted in its center, in a position at right angles to the
magnetic meridian, a pull is required of 2 grams at 4 cm
radius. What is the intensity of the poles of the magnet,
and the number of lines of magnetic force issuing from each
pole, if the horizontal intensity of the terrestrial magnetic
field 3¢ = .2, and the acceleration of gravity = 980°?

As distance of the poles of the bar magnet may be
assumed § of its length.

Let m = intensity of magnet pole. »=5is the radius
on which the terrestrial magnetism acts.

Thus 2m3cr = 2m = torque exerted by the terrestrial
magnetism.

2 grams weight = 2 X 980 = 1960 units of force. These
at 4 cm radius give the torque 4 x 1960 = 7840.

Hence 2 = 7840.

m = 3920 is the strength of each magnet pole and

® = 4 7m = 49000, the number of lines of force issuing
from each pole.

(2.) A conductor carrying 100 amperes runs in the direc-
tion of the magnetic meridian. What position will a com-
pass needle assume, when held vertically below the conductor
at a distance of 50 cm, if the intensity of the terrestrial
magnetic field is .2?

The intensity of the magnetic field of 100 amperes 50 cm

2 100 :
from the conductor is J¢ = TR{= w2 T .4, the direc-

tion is at right angles to the conductor, that is at right
angles to the terrestrial magnetic field.
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If ¢ =angle between compass needle and the north pole
of magnetic meridian, /= length of needle, » = intensity
of its magnet pole, the torque of the terrestrial magnetism
is 3Cm/sin ¢ = .2m/ sin ¢, the torque of the current is

27mlcos ¢
R

In equilibrium, .2/ sin ¢ = .4m/ cos ¢, or tan ¢ = 2,
¢ = 63.4°,

(3.) What is the total magnetic flux per /= 1000 m
length, passing between the conductors of a long distance
transmission line carrying / amperes of current, if &= .82
cm is the diameter of the conductors (No. 0 B. & S. G.),
D = 45 cm their distance from each other ?

= 4 m/ cos ¢.

Fig. 1.

At distance » from the center of one of the conductors
(Fig. 1), the length of the magnetic circuit surrounding this
conductor is 2 =mx, the M.M.F. /ampere turns ; thus the mag-

v
netizing force f= » and the field intensity 3 = 4 =f
g 2nx Y

27 271ldx !
=— and the flux in the zone dr is d& = » I, and

the total flux from the surface of the conductor to the next
conductor is,

D
d’=.f 201dx _
! d X
2

: D
2 ]Iv[loge x] a=.277log. 2—;1—,2
2

.
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The same flux is produced by the return conductor in
the same direction, thus the total flux passing between the
transmission wires is,

o

2<I>=.41[10g5‘—;2,2

or per 1000 m = 10° cm length,

. (¢
29 = 4 x 10° 7log, 4 = 4 x 10° x 470 = 188 x 10°,

or .188 7 megalines or millions of lines per line of 1000 m
of which .094 7/ megalines surround each of the two con-

ductors.

(4.) Inan alternator each pole has to carry 6.4 millions
of lines, or 6.4 ml (megalines) magnetic flux. How many
ampere turns per pole are required to produce this flux, if
the magnetic circuit in the armature of laminated iron has
the cross section of 930 cm® and the length of 15 cm, the
air-gap between stationary field and revolving armature has

«95 cm length and 1200 cm? section, the field-pole has 26.3
cm length and 1075 cm? section, of laminated iron, and the
outside return circuit or yoke has a length per pole of 20
cm and 2250 cm? section, of cast iron ?

The magnetic densities are,

In armature ®, = 6880
In air-gap ®, = 5340
In field-pole ®; = 5950
In yoke ®, = 2850

The permeability of sheet iron is u, = 2550 at @, = 6880,
us = 2300 at ®, = 5950. The permeability of cast iron is
Py = 280 at (B, = 2850,

Thus the field intensity (:w =% is, 3¢, = 2.7, 3¢, — 5340,
ge, = 2.5, 3¢, = 10.2, #

The magnetizing force (f: —g%) is, f, = 2.15, f, = 4250,

J:=1.99, f, = 8.13 ampere-turns per cm.
Thus the M\M.F. (7 =f/) is, §, =32, §,=4030, g,

= 52, = 163,
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or the total M.M.F. per pole,
F=07+7F,+ F; + F, = 4280 ampere-turns.

The permeability u of magnetic materials varies with the
density ®, thus tables have to be used for these quantities.
Such tables are usually made out for density ®& and mag-
netizing force f, so that the magnetizing force f correspond.
ing to the density ® can directly be derived from the table.
Such a table is given in Fig. 2.

50 100 150 200 250 300 350 400 450 500 550 600 650 700 1750 800
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J 2. MAGNETISM AND E.M.F.

In an electric conductor moving relatively to a magnetic
field, an E.M.F.is induced proportional to the rate of cutting
of the lines of magnetic force by the conductor.

‘nit EME. is the ELMLF. induced in a conductor cutting
one line of magnetic force per second.

10® times unit E.M.F. is the practical unit, called the
volt.

Coiling the conductor 7 fold increases the E.M.F. » fold
by cutting each line of magnetic force 7 times. :

In a closed electric circuit the E.M.F. produces an
electric current.

The ratio of E.M.F. to electric current produced thereby
is called the resistance of the electric circuit.

Unit resistance is the resistance of a circuit in which
unit E.M.F. produces unit current.

10° times unit resistance is the practical unit, called the -
olum.

The ohm is the resistance of a circuit, in which one volt
produces one ampere.

The resistance per unit length and unit section of a con-
ductor is called its resistivity, p

The resistivity p is a constant of the material, varying
with the temperature.

The resistance 7 of a conductor of length /, se.ction s, and

ARRES 5. lp
resistivity p 1s 7 = A

If the current in the electric circuit changes, starts, or
stops, the corresponding change of the magnetic field of the
current induces an E.M.F. in the conductor conveying the
current, which is called the E.M.F. of self-induction.

If the E.M.F. in an electric circuit moving relatively to
a magnetic field produces a current in the circuit, the mag-
netic field produced by this current is called its magnetic
reaction.
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The fundamental law of self-induction and magnetic
reaction is, that these effects take place in such a direction
as to oppose their cause (Lentz’s Law).

Thus the E.M.F. of self-induction during a rise of current
is in the opposite direction, during a decrease of current in
the same direction as the E.M.F. producing the current.

The magnetic reaction of the current induced in a circuit
moving out of a magnetic field is in the same direction in
a circuit moving into a magnetic field in opposite direction
to the magnetic field.

" Essentially, this law is nothing but a conclusion from the
law of conservation of energy.

EXAMPLES.

(1) An electro magnet is placed so that one pole sur-
rounds the other pole cylindrically as shown in Fig. 3, and

a copper cylinder revolves between these poles with 8000
revolutions per minute. What is the E.M.F. induced be-
tween the ends of this cylinder, if the magnetic flux of the
electro magnet is ® = 25 ml? ‘

During each revolution the copper cylinder cuts 25 ml.
It makes 50 revolutions per second. Thus it cuts 50 x 25
x 10° = 12.6 x 10® lines of magnetic force per second.
Hence the induced E.M.F. is E = 12.5 volts.



INDUCTION OF E.MF.S. 11

(This is called “unipolar,” or more properly “nonpolar "
induction.) .

(2) The field spools of the 20 polar alternator in sec-
tion 1, example 4, are wound each with 616 turns of .106
cm? section (No. 7 B. & S. G.) and 160 cm mean length of
turn. The 20 spools are connected jin series. How many
amperes and how many volts are required for the excita-
tion of this alternator field, if the resistivity of copper is
1.8 x 107°?

Since 616 turns on each field spool are used, and 4280
616

The resistance of 20 spools of 616 turns of 160 cm length,
106 cm? section, and 1.8 x 107° resistivity is,

20 x 616 x 160 x 1.8 x 10-¢
.106

and the E.M.F. required 6.95 x 33.2 = 230 volts..

ampere;furns required, the current is = 6.95 amperes.

= 33.2 ohms,

3. INDUCTION OF E.M.E.S.

A closed conductor, convolution or turn, revolvirg in a
magnetic field, passes during each revolution through two
positions of maximum inclosure of lines of magnetic force
4 in Fig. 4, and two positions of zero inclosure of lines of
magnetic force B in Fig. 4.

A B

™~
.x

Fig. 4.

Thus it cuts during each revolution four times the lines
of force inclosed in the position of maximum inclosure.
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If ® = maximum number of lines of force inclosed by
‘the conductor, V= number of complete revolutions per
second or cycles, and 7 = number of convolutions or turns
of the conductor, the lines of force cut per second by the
conductor, and thus the average induced E:M.F. is,

E =4 Nn® absolute units,
=4 Nn®1078 volts.

If &V is given in hundreds of cycles, & in ml,
FE =4 Nn® volts.

If a coil revolves with uniform velocity through a uni-
form magnetic field, the magnetism inclosed by the coil is,

P cos ¢

where ® = maximum magnetism inclosed by the coil and
¢ = angle between coil and

ks its position of maximum in-
=== closure of magnetism. (Fig.
== 5

S i sen¢ The EM.F. induced in
A the coil, which varies with
i the rate of cutting or change

Fig. 5. of ® cos ¢, is thus,

¢ = E,sin ¢

where E, is the maximum value of E.M.F., which takes
place for ¢ = 90° or at the position of zero inclosure of
magnetic flux.

2 : 2 1o R
Since Avg. (sin ¢) = =, the average induced E.M.F. is,
. - b

9
E="FE= =
w
Since, however, we found above,

E = 4 Nnd is the average induced E.M.F.,
it follows that

‘ Ey= 2z Nn® is the maxz':)mm, and
e =2aNnd sin ¢ the instantancous induced E.M.F.
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With uniform rotation the angle ¢ is proportional to the
time ¢, ¢ = 2, giving'T’z 1/ A, the time of one complete
period, or revolution in a bipolar field, or 1 /s of one revo-
lution in a 22 polar field.

Thus, ¢ =27N¢
e =2aNn® sin 2z V1,

If the time is not counted from the moment of maximum
inclosure of magnetic flux, but 7, = the time at this moment,
we have O \
e=27xNn® sin 2a V(¢ — fl}/ 3 {
or, ¢e=2xNnd sin (¢ — ¢)). " ¢

Where ¢, = 27 V¢ is the angle at which the pospiét*ion of
maximum inclosure of magnetic flux takes place, and is
called its phase.

These E.M.F.’s are alternating.

If at the moment of reversal the connections between
the coil and the external circuit are reversed, the E.M.F. in
the external circuit is pulsating between zero and Z, but
has the same average value £. .

If a number of coils connected in series follow each other
successively in their rotation through the magnetic field, as
the armature coils of a direct current machine, and the con-
nections of each coil with the external circuit are reversed
at the moment of reversal of its E.M.F, their pulsating
E.M.F.’s superimposed in the external circuit make a more
or less steady or continuous external E.M.F.

The average value of this E.M.F. is the sum of the aver-
age values of the E.M.F.’s of the individual coils.

Thus in a direct current machine, if ® = maximum flux
inclosed per turn, » = total number of turns in series from
commutator brush to brush, and V= frequency of rotation
through the magnetic field.

E =4 Nn® =induced EM.F. (® in megalines, /V in
hundreds of cycles per second).

This is the formula of divect current induction.
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EXAMPLES.

(1) A circular wire coil of 200 turns and 40 cm mean
diameter is revolved around a vertical axis. What is the
horizontal intensity of the magnetic field of the earth, if at
a speed of 900 revolutions per minute the average E.M.F.
induced in the coil is .028 volts ?

027
1
terrestrial flux inclosed is 1255 3¢, and at 900 revolutions
per minute or 15 revolutions per second, this flux is cut
4 x 15 = 60 times per second by each turn, or 200 x 60
= 12000 times by the coil. Thus the total number of lines
of maégnetic force cut by the conductor per second is 12000
"X 12553¢ = 151 X 10°3¢, and the average induced E.M.F.
is .151 3¢ volts. Since this is = .028 volts, 3¢ = .186.

, 4
The mean area of: the coil is = 1255 cm? thus the

(2.) In a 550 volt direct current machine of 8 poles and
500 revolutions, with drum armature, the average voltage
per commutator segment shall not exceed 11, each arma-
ture coil shall contain one turn only, and the number of
commutator segments per pole shall be divisible by 3, so as
to use the machine as thrée-phase converter. What is the
magnetic flux per field-pole ?

550 volts at 11 volts per commutator segment gives 50,
or as next integer divisible by 3, 2z = 51 segments or turns
per pole.

8 poles give 4 cycles per revolution, 500 revoiutions per
minute, or 500 / 60 = 8.33 revolutions per second. Thus
the frequency is, V=4 X 8.33 = 33.3 cycles per second.

The induced E.M.F. is ¢ = 5560 volts, thus by the for-
mula of direct current induction,

e=4Nnd
or, 550 =4 x .333 X 51 @
& = 8.1 ml per pole.

(3.) What is t}@@.M.F. induced in a single turn of a 20-

",

P
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polar alternator revolving at 200 revolutions per minute,
through a magnetic field of 6.4 ml per pole?

The frequency is &/ = 29_;:%9 = 33.3 cycles.

e = FE,sin ¢

Ey=2aNnd ° =

¢ =64
7=l

N=.333

Thus, Ey=271 x 333 x 6.4 =13.3 volts max1mum or
e=13.3 sin ¢.

4. EFFECT AND EFFECTIVE VALUES.

The effect or power of the continuous E.M.F. £ produ-
cing continuous current /is P = E /.

The E.M.F. consumed by resistance 7 is £, = /7, thus
the effect consumed by resistance » is P = /*7.

Either Z, = £, then the total effect of the circuit is con-
sumed by the resistance, or Z; < £, then only a part of the
effect is consumed by the resistance, the remainder by some
counter EM.F. £ — E..

If an alternating current ¢ = 7, sin ¢ passes through a
resistance 7, the eff.ect consumed by the resistance is,

2
itr = I2rsin® ¢ = {“—z—r (1— cos 2 ¢),

thus varies with twice the frequency of the current, between
zero and /7.

The average effect consumed by resistance 7 is,

(et g -2 (B = e
V2

Since avg. (cos) = 0.

Thus the alternating current Z = 7 sin ¢ consumes in a
resistance » the same effect as a continuous current of

intensit oy
: & T b o

Sl
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[ :
The value 7= ~\/—°5 is called the cffective value of the
alternating current 7 = /; sin ¢, since it gives the same effect.
Analogously £ = 7% is the effective value of the alternat-
ing EEM.F. ¢ = £, sin ¢. 31
Since £, = 27 Nn®, it follows that
E=\2zNno
=444 Nnd,

the effective alternating E'M.F. induced in a coil of 7 turns
rotating with frequency /V (in hundreds of cycles) through
a magnetic field of & megalines of force.

This is the formula of alternating current induction.

The formula of direct current induction,

E=4/Nnd,

holds also if the E.M.F.’s induced in the individual turns are
not sine waves, since it is the average induced E.M.F.
The formula of alternating current induction,

= Vﬁwﬂhé,

does not hold if the waves are not sine waves, since the
ratios of average to maximum and of maximum to effective
E.M.F. are changed.

If the variation of magnetic flux is not sinusoidal, the
effective induced alternating E.M.F. is,

E=y\RxNnd.
v is called the “form factor” of the wave, and depends

upon its shape, that is the distribution of the magnetic flux
in the magnetic field.

EXAMPLES.

(1.) In a star connected 20 polar three-phaser, revolving
at 33.8 cycles or 200 revolutions per minute, the magnetic
flux per pole is 6.4 ml. The armature contains one slot per
pole and phase, and each slot contains 36 conductors. All
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these conductors are connected in series. What is the
effective E.M.F. per circuit, and what the effective E.M.F.
between the terminals of the machine?
Twenty slots of 36 conductors give 720 conductors, or

360 turns in series. Thus the effective E.M.F. is,

=22 Nnd

=4.44 x 333 x 360 x 6.4

= 3400 volts per circuit.

The E.M.F. between the terminals of a star connected
three-phaser is the resultant of the E.M.F.’s of the two
phases, which differ by 60°, and is thus 2 sin 60° = V3 times
that of one phase, thus,

E=FE~3
= 5900 volts effective.

(2) The conductor of the machine has a section of .22
cm.? and a mean length of 240 cm. per turn. At a resis-
tivity (resistance per unit section and unit length) of copper
of p=18 x 107% what is the E.M.F. consumed in the
machine by the resistance, and what the energy consumed
at 450 K.W. output ?

450 K.W. output is 150,000 watts per phase or circuit,
thus the current / = ————1%?1’380 = 44.2 amperes effective.

The resistance of 360 turns of 240 cm. length, .22 cm.?
section and 1.8 X 10~° resistivity, is

360 x 240 x 1.8 x 10~¢

= ~—55 . — 71 ohms per circuit.

44.2 amps. X .T1 ohms gives 81.5 volts per circuit and 44.2
x .T1 = 1400 watts per circuit, or a total of 3 x 1400
= 4200 watts loss.

(3.) What is the self-induction per wire of a three-phase
line of 14 miles length consisting of three wires No. 0
(d = .82 cm.), 45 cm. apart, transmitting the output of this
450 K.W. 5900 volt three-phaser ?



18 ELECTRICAL ENGINEERING.

450 K.W. at 5900 volts gives 44.2 amperes per line.
44.2 amperes effective gives 44.2 V2 = 62.5 amperes maxi-
mum.

14 miles = 22300 m. The magnetic flux produced by
7 amperes in 1000 m. of a transmission line of 2 wires 45 cm.
apart and .82 cm. diameter was found in paragraph 1, ex-
ample 3, as 2 = .188 X 10° 7, or @ = .094 x 10° 7 for each
wire.

Thus at 22300 m and 62.5 amperes maximum it is per
wire, :

¢ = 223 X 62.5 x .094 x 10° = 131 ml
Hence the induced E.M.F., effective value, at 33.3
cycles is,
E=~N2zN®
=444 x 333 x 131
= 193 volts per line;

the maximum value is,

E,= E x V2 = 273 volts per line;
and the instantaneous value,

¢ = E,sin (¢ — ¢,) = 273 sin (¢ — éy);
or, since ¢ = 27NVt = 210 ¢4 we have,
e = 273 sin 210 (¢ — 4).

5, SELF-INDUCTION AND MUTUAL INDUCTION.

The number of interlinkages of an electric circuit with
the lines of magnetic force of the flux produced by unit
current in the circuit is called the snductance of the circuit.

The number of interlinkages of an electric circuit with
the lines of magnetic force of the flux produced by unit
current in a second electric circuit is called the mutual in-
ductance of the second upon the first circuit. It is equal to
the mutual inductance of the first upon the second circuit,
as will be seen, and thus called the mutual inductance be-
tween the two circuits.
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The number of interlinkages of an electric circuit with
the lines of magnetic force of the flux produced by unit
current in this circuit and not interlinked with a second
circuit is called the self~inductance of the circuit.

If 7 = current in a circuit of # turns, ® = flux produced
thereby and interlinked with the circuit, #® is the total

: ] n® :
number of interlinkages, and Z = 3 the inductance of the

circuit. .
If ® is proportional to the current 7 and the number of

turns 7,
ni

®=—,and L= ik the inductance.
p P

p is called the reluctance and nz the M.M.F. of the mag-
netic circuit.

The reluctance p has in magnetic circuits the same posi-
tion as the resistance » in the electric circuit.

The reluctance p, and thus the inductance, is constant
only in circuits containing no magnetic materials, as iron,
etc.

If p, is the reluctance of a magnetic circuit interlinked
with two electric circuits of 7, and 7, turns respectively, the
flux produced by unit current in the first circuit and inter-

linked with the second circuit is ;‘ and the mutual induc-
il

7,12,
_’)T)
that is, equal to the mutual inductance of the second circuit
upon the first circuit, as stated above.

If p, = p, that is, no flux passes between the two circuits,
and Z, = inductance of the first, Z, = inductance of the
second circuit and A/ = mutual inductance, then

tance of the first upon the second circuit, thus, // =

T

WEL e
If p, > p, that is, if flux passes between the two circuits,
then M* < L,L,.
In this case, the total flux produced by the first circuit
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consists of a part interlinked with the second circuit also,
the mutual inductance, and a part passing between the two
circuits, that is, interlinked with the first circuit only, its .
self-inductance.

Thus, if Z, and Z, are the inductances of the two cir-
cuits, 4 and L, is the total flux produced by unit current

2 7,
in the first and second circuit respectively.

/E : - :
Of the flux 71 a part ;1 is interlinked with the first cir-
1 1
M
cuit only, and S, called its self-inductance, and the part =

12
interlinked with the second circuit also, where 47 = mutual

: V2T SR
inductance, and =2 =~ 4+ .
a0
Thus, if,

Z, and Z, = inductance,
S; and S, = self-inductance,
M = mutual inductance of two circuits of 7, and
#, turns respectively, we have,

r AR X (T S, M
T, SRATBI W7y i e ik
or, A BT doa S T
7, 7
or, M= (Ly— ) (L — $)-

The practical unit of inductance is 10° times the absolute
unit or 10® times the number of interlinkages per ampere
(since 1 amp. = .1 unit current), and is called the /Jenry ;
.001 of it is called the milhenry (mh).

The number of interlinkages of 7 amperes in a circuit of
L henry inductance is 7/ 10® lines of force turns, and thus
the E.M.F. induced by a change of current &7 in time &7 is

d:

R L ) ¢
6= a’tl 10% absolute units

= — (2 L volts.

Jdt
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A change of current of one ampere per second in the
circuit of one henry inductance induces one volt.

EXAMPLES.

(1.) What is the inductance of the field of a 20 polar
alternator, if the 20 field spools are connected in series,
each spool contains 616 turns, and 6.95 amperes produces
6.4 ml. per pole?

The total number of turns of all 20 spools is 20 x 616
= 12320. Each is interlinked with 6.4 X 10° lines, thus
the total number of interlinkages at 6.95 amperes is 12320
X 6.4 x 10°=T78 x 10°.

6.95 amperes = .695 absolute units, hence the number
of interlinkages per unit current, or the inductance, is,

ik (:59,13 = 112 x 10° = 112 henrys.

(2.) What is the mutual inductance between an alternat-
ing transmission line and a telephone wire carried for 10
miles below and 1.20 m. distant from the ,one,i 1.50 m. dis-
tant from the other conductor of the alternating line? and
what is the E.M.F. induced in the telephone wire, if the
alternating circuit carries 100 amperes at 60 cycles ?

The mutual inductance between the telephone wire and
the magnetic circuit is the magnetic flux produced by unit
current in the telephone wire and interlinked with the alter-
nating circuit, that is, that part of the magnetic flux produced
by unit current in the telephone wire, which passes between
‘the distances of 1.20 and 1.50 m.

At the distance x from the telephone wire the length of
magnetic circuit is 27x. The magnetizing force f= —%{
if 7= current in telephone wire in amperes, and the field

: 27 p
intensity 3 = 4xf = g and the flux in the zone dx,
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dd = E—]—l dx
X
/= 10 miles = 1610 x 10% cm.
thus, P = mi?—[—l dx
i 150
=322 x 103[10g¢m =72 710t
or, 72 710° interlinkages, hence, for 7= 10, or one absolute:
unit,
thus, M =72 x 10* absolute units, = 72 X 10=° henrys =
72 mh.

100 amperes effective or 141.4 amperes maximum or
14.14 absolute units of current in the transmission line pro-
duces a maximum flux interlinked with the telephone line of
1414 X .72 x 10~* x 10° = 10.2 ml

Thus the E.M.F. induced at 60 cycles is,

E =444 x .6 x 10.2 = 27.3 volts effective.

6. SELF-INDUCTION OF CONTINUOUS CURRENT
CIRCUITS.

Self-induction makes itself. felt in continuous current:
circuits only in starting and stopping or in general changing:
the current.

Starting of Currvent:

If » = resistance,
L = inductance of circuit,
£ = continuous E.M.F. impressed upon circuit,
7= current in circuit at time / after impressing-
E.M.F. £,

and 47 the increase of current during time moment 47, then
Increase of magnetic interlinkages during time 47,

Ldi.
E.M.F. induced thereby,

di
£1=_'L(71
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Substituted, in the foregoing equation, this gives,

At 1= T,

Stopping of Current :
In a c1rcu1t of inductance L and resistance 7, let a cur-
rent 7, = —= be produced by the impressed E.M.F. £, and

this EMF E be withdrawn and the circuit closed by a
resistance 7.

Let the current be z.at the time ¢ after withdrawal of the
E.M.F. £ and the change of current during time moment
dt be di.

d7 is negative, that is, the current decreases.

The decrease of magnetic interlinkages during moment
dt is,
Ldi.
Thus the E.M.F. induced thereby,

' di

6= — L—

F at
negative, since &7 is negative and ¢, must be positive or in
the same direction as £, to maintain the current or oppose
the decrease of current as its cause.

The current is then,
B o T

z=r+r1_-r+r1(_ﬁ

or transposed,

(AR iz
T dt = 7
the integral of which is
27 +n

t = log. 7 — log.

L
where — log, ¢ = integration constant.
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This reduces to i=ce L.
for, re= 0, io ==
Substituting this value, we have,

WSS =
= "¢ Z  the current,
r

_("+7‘1)t

4 . B F v the inducsd EMF.

o=i(r4+n)=E

Substituting 7, = o we have,
e S
t=1je L ° the current,

7+

=i (r+7)e L * the induced E.M.F.

Atz = 0,
r+7r

7

=

That is, the induced E.M.F. is increased over the pre-
viously impressed E.M.F. in the same ratio as the resistance
is increased.

When 7, = 0, that is, when in withdrawing the impressed
E.M.F. £ the circuit is short-circuited,

B N R =,
i =—e Z =qe L the current, and
=

re re
6,=ZFE e L=ire Z the induced E.M.F.

In this case, at £ =0, ¢, = £, that is, the E.M.F. does not

rise.
In the case, » = o0, that is, if in withdrawing the E.M.F.
£ the circuit is broken, we have,

at £=0, ¢ = o0, that is, the E.M.F. rises infinitely.
The greater 7, the higher is the induced E.M.E. ¢, the

faster, however, ¢ and 7 decrease.
If 7, = 7, we have at # =0,
EaN—"21, S

and,
ey — fyr = E,
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that is, if the external resistance », equals the internal resist-
ance 7, in the moment of withdrawal of E.M.F. Z the ter-
minal voltage is Z.

The effect of the E.M.F. of self-induction in stopping
the current is at the time ¢,

B : _‘,’+"|
iey = &0 (r i) €0 T

thus the total energy of the induced E.M.F.

W= f " e dt
(1]

. Yhr it w( % ) i L
=i (r+r)|e 2 - = =
o 1)[ :lo 2(r+n) 2
that is, the energy stored as magnetism in a circuit of cur-
rent 7, and self-inductance Z, is,
Ak
W= 02 )
which is independent both of the resistance » of the circuit,
and the resistance 7, inserted in breaking the circuit. This

energy has to be expended in stopping the current.

¢

EXAMPLES.

(1.) In the alternator field in section 1, example 4, sec-
tion 2, example 2, and section 5, example 1, how long time
after impressing the required E.M.F. £ = 230 volts will it
take for the field to reach,

(a.) % strength,
(8.) 5 strength?

(2.) If 500 volts are impressed upon the field of this
alternator, and a noninductive resistance inserted in series
so as to give the required exciting current of 6.95 amperes,
how long after impressing the E.M.F. £ = 500 volts will it
take for the field to reach,

(a.) % strength,
(4.) % strength,
(¢.) and what is the resistance required in the rheostat ?
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(3.) If 500 volts are impressed upon the field of this
alternator without insertion of resistance, how long will it
take for the field to reach full strength?

(4.) With full field strength what is the energy stored
as magnetism ?

(1) The resistance of the alternator field is 33.2 ohms
(section- 2, example 2), the inductance 112 h. (section 5,
example 1), the impressed E.M.F. is £ = 230, the final

ok
value of current 7, = e 6.95 amperes. Thus the current

at time #, y
=1y (1 A Lt)
=6.95 (1 — 61,
a.) % strength, 7 =2}, hence A — ) =

2
e =5 — 296 £ =log, .5 =— .693

after # = .234 seconds.

5.) ¥ strength: i= 9z},, hence (1 — ¢ 2! = 9, after.
. = 7.8 seconds.

(2.) To get 7, = 6. 95 amperes, with Z = 500 volts, a
resistance » = -5)-995 = 72 ohms, and thus a rheostat of 72
— 33.2 = 38.8 ohms is required.

We then have,
A=t (1 — € 21)
=6.95(1 — )

Td = %0, after # = .108 seconds.

b)) 7i=.9 i, after # = .36 seconds.
(3 ) Impressing £ = 500 volts upon a circuit of r=33.2,

= 112 gives, .
7= g (1 — e_’rljl)

=151 1 — %)
7= 6.95, or full field strength, gives,
6.95 =151 (1 — %)
=y 6—2962 = ‘46

after # = 2.08 seconds.
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(4.) The stored energy is,
2L 6.95* x 112
07 R

= 2000 foot pounds.

= 2720 watt seconds or joules,

Thus in case (3), where the field reaches full strength in

2000
308 960 foot

2.08 seconds, the average power input is

pound seconds, = 1§ H.P.
In breaking the field circuit of this alternator, 2000 foot
pounds have to be destroyed, in the spark, etc.

(5.) A coil of resistance, » = .002 ohms, and inductance
L = .005 milhenrys, carrying current /= 90 amperes, is
short-circuited.

a.) What is the equation of the current after short-circuit?
4.) In what time has the current decreased to 44 its initial
value?

rt
@) 2= "Fe 7 L
= SO FEeR 4000
8) i= .17 ¢ =1, after # = .00576 seconds.

(6.) When short-circuiting the coil in example 5, an
E.M.F. £ = 1 volt is inserted in the circuit of this coil, in
opposite direction to the current.

a.) What is equation of the current?

4.) After what time has the current become zero?

¢.) After what time has the current reverted to its initial
value in opposite direction ?

d.) What impressed E.M.F. is required to make the current
die out in 54} second? !

¢.) What impressed E.M.F. % is required to reverse the cur-
rent in 154 second ?

a) If EM.F. — E is inserted, and at time 7 the current
is denoted by 7, we have,

6= — Lg the induced E.M.F.
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thus,
i
— B 4= —FE— L% the total EM.F.
and,
Lk N e 1] the current
i r  rdt
transposed,
SN o Ea’z
A Ty
e
integrated,

_rl_l E+. ]
7 = loge {—~ +7) —log.,

where — log, ¢ = integration constant.

At z=0, z'=[,thusc=]+€

substituted,
rt
z'=<[+—5)e—7, B
7 7

i = 590 e—1%¢ — 500.
b) i=0, e*0t= 85, after /= .000405 seconds. .
¢) i=—71T= — 90, et = 694, after 7= .00091 seconds.
d) if 7= 0 at #=.0005, then
0= (90 4 500 £) e 2 — 500 £,

LT .81 volts.

e
e) if i= —7="—90 at £= .001, then,
— 90 = (90 + 500 £) e+ — 500 £,

18t
ol

/5=

= .91 volts.

7. SELF-INDUCTION IN ALTERNATING CURRENT
CIRCUITS.

An alternating current 7=/, sin 27Nt or 7 = 7, sin ¢
can be represented graphically in rectangular cosrdinates by a
curve line as shown in Fig. 6, with the instantaneous values
¢ as ordinates and the time 7 or the arc of the angle corre-
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sponding to the time, ¢ = 2= V¢ as abscissae, counting the
time from the zero value of the rising wave as zero point.

3
o[
»I:

Fig. 6.

If the zero value of current is not chosen a5 zero point

of time, the wave is represented by,

i=lysin 22NV (¢t — ),
or,

i= ]0 sin <¢ =, 4’0):
where ¢ =17, or ¢ = ¢, is the time and the corresponding
angle, at which the current reaches its zero value in the
ascendant.

If such a sine wave of alternating current 7 = 7, sin
2x Nt or 7 = /, sin ¢, passes through a circuit of resistance
» and inductance Z, the magnetic flux produced by the cur-
rent and thus its interlinkages with the current, 72 =.7,L

sin ¢, vary in a wave line similar also to that of the current,
as shown in Fig. 7as ®. The E.M.F. induced hereby is pro-
portional to the change of 7/, and is thus a maximum where
7L changes most rapidly, or at its zero point, and zero where
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7z is a maximum. It is positive during falling, negative
during rising current, by Lentz's Law. Thus this induced
E.M.F. is a wave following the wave of current by the time

78 3
2= 1 where 7 is time of one complete period, = A or by

the angle ¢ = 90°.
This E.M.F. is called the counter E. ]W e of self-tndiuc-
tion. It is,
di
82, = — Lif
= —2xNL1 cos 2=Vt

It is shown in dotted line in Fig. T as ¢,

The quantity, 2#/VLZ, is called the reactance of the cir-
cuit, and denoted by x. - It is of the nature of a resistance,
and expressed in ohms.

If L is given in 10° absolute units or henrys, # appears
in ohms. -

The counter E.M.F. of self-induction of current

i=/,sin 27Nt = 7, sin ¢
of effective value,

VA
/e ——0-7
\2
18,
e = —xlycos 2a Nt = — x 7, cos ¢

of maximum value,

x 1,
and effective value,
(il
E,="L=xl
2 '\/é

That is, the effective value 'of the counter E.M.F. of
self-inductance equals the reactance x times the effective
value of the current 7, and is lagging 90° or a quarter period
behind the current.

By the counter E.M.F. of self-induction,

& = — x/,cos ¢
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which is induced by the passage of the current 7 = 7, sin ¢
through the circuit of reactance #, an equal but opposite

€y = XU ICOSHD

is consumed, and thus has to be impressed upon the circuit.
This E.M.F. is called the E.M.F. consumed by self induction.
It is 90° or a quarter period ahead of the current, and shown
in Fig. 7 as drawn line e,

Thus we have to distinguish between counter E.M.F. of
self-induction, 90° lagging, and E.M.F. consumed by self-
induction, 90° leading.

These E.M.F.’s stand in the same relation as action and
reaction in mechanics. They are shown in Fig. 7 as ¢, and
as ¢, ' ;

The E.M.F. consumed by the resistance » of the circuit
is proportional to the current, :

=t =" ST
and in phase therewith, that is, reaches its maximum and its
zero value at the same time as the current 7, as shown by
drawn line ¢, in Fig. 7.
Its effective value is £, = »/.

The resistance can also be represented by a (fictitious)
counter EM.F,,

&' = —rZ,sin ¢

opposite in phase to the current, shown as ¢/ in dotted
line in Fig. 4.

The counter E.M.F. of resistance and the E.M.F. con-
sumed by resistance have the same relation to each other as
the counter E.M.F. of self-induction and the E.M.F. con-
sumed by self-induction or reactance.

If an alternating current 7 = 7/, sin ¢ of effective value

/ R ; :
7 = —Z passes through a circuit of resistance » and induc-

V2
tance Z, that is, reactance x = 2+ VL, we have thus to dis-
tinguish : '
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E.M.F. consumed by resistance, ¢, = 7/, sin ¢, of effect-
ive value £, = #/, and in phase with the current.

Counter E.M.F. of resistance, ¢/ = — 7/, sin ¢, of
effective value £, = »/, and in opposition or 180° displaced
from the current.

E.M.F. consumed by reactance, ¢, = x/, cos ¢, of effect-
ive value E, = x/, and leading the current by 90° or a
quarter period.

Counter E.M.F. of reactance, ¢/ = — x/, cos ¢, of effect-
ive value E/ =/, and lagging 90° or a quarter period
behind the current.

The E.M.F.’s consumed by resistance and by reactance
are the EM.F.’s which have to be impressed upon the cir-
cuit to overcome the counter E.M.F.’s of resistance and of
reactance. '

The total counter E.M.F. of the circuit is thus,

d=¢'+& = — 7, (rsin ¢ + x cos ¢)

and the total impressed E.MM.F., or E.M.F. consumed by
the circuit,
e=¢ + =1, (rsin ¢ + x cos ¢).

Substituting
X
~ = tan e, and
7
NAF 2=z

from which follow

x = z Sin o, ¥ = zCOS w,
we have,
total impressed E.M.F.

e = z1sin (¢ + o),

shown by heavy drawn line ¢ in Fig. 7, and total counter-
¢ = — z, sin (¢ + o),

shown by heavy dotted line ¢ in Fig. 7, both of effective

value,
=N
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For ¢ = —w, ¢ =0, that is, the zero value of ¢ is by
angle o ahead of the zero value of current, or the current
lags behind the impressed E.M.F by angle o.

o is called the angle of lag of the current, and =
= V7* + 2* the Zmpedance of the circuit. e is called the
E.M.F. consumed by impedance, ¢ the counter E.M.F. of
impedance.

Since £; = r7is the EM.F. consumed by resistance,

£, = x/is the EM.F. consumed by reactance,

and £E =zl=~Nr+a* I is the EM.F. consumed by
impedance,
we have,

= VE?+ E2 the total EM.F.
and E, = FE cos o
E, = FE sin o its components.

The tangent of the angle of lag is,

x 2xNL
tan w=;= ’

=
and the time constant of the circuit is,

L tan o
T

The total EM.F. impressed upon the circuit, ¢, consists
of two components, one, ¢, in phase with the current, the
other one, ¢, in quadrature with the current.

Their effective values are,

E, E cos w, E sin o.

EXAMPLES.

(1) What is the reactance per wire of a transmission line
of length / if & = diameter of the wire, D = distance be-
tween wires, and /V = frequency ?

If 7 = current, in absolute units, in-one wire of the trans-
mission line, the M.M.F. is 7, thus the magnetizing force in a
zone &x at distance x from center of wire (Fig. 8) is f=
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7 PV ]
5, and the field intensity in this zone is 3 = 4 f = ol
X X

P

Thus the magnetic flux in this zone,

S R

»

hence the total magnetic flux between the wire and the
return wire,
a

D D

<1>=f 4o =277 —1=21110ge20
a 4 X
2 2

[1’ ).

neglecting the flux inside the transmission wire.

i by
W

R/

Fig. 8.
The coefficient of self-induction or inductance is thus,
® 2D :
e — 7= Uil loge—;,— absolute units,
= 2/7log. gd—p.w—e henrys,

and the reactance x= 27 NZ = 4= N/ log, g—[—ll-) absolute units

rz’D 10—° ohms.

= 4 7.V/ log. 2

)

(2.) The voltage at the receiving end of a 33.3 cycle
transmission of 14 miles’ length shall be 5500 between the
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lines. The transmission consists of three wires, (No. 0
B. & S.G.) (d= .82 cm), 18” (45 cm.) apart, of resistivity p
=18 x 10~°

a.) What is the resistance, the reactance, and the impedance
per line, and the voltage consumed thereby at 44 amperes flow-
ing over the line ?

5.) What is the generator voltage between lines at 44 am-
peres flowing into a non-inductive circuit ?

¢.) What is the generator voltage between lines at 44 am-
peres flowing into a circuit of 45° lag?

4.) What is the generator voltage between lines at 44 am-
peres flowing into a circuit of 45° lead ?

Here, /= 14 miles =14 X 1.6 X 10° = 2.23 x 10%cm.
d= .82 cm.
Hence section s = .528 cm?
D =45
AV = 33.3 thus,
. . / 18 x10-°%x 2.23 x 10¢
a.) Resistance per line, » = pod 0598

= 7.60 ohms.
Reactance per line, x = fL,erllogez-—dZ—) X 10—°=47 x 3.33
X 2.23 x 10° x log, 110 x 10—° = 4.35 ohms.

The impedance per line 2 = V#* + 2* = 8.76 ohms. Thus
if 7 = 44 amperes per line, :

E.M.F. consumed by resistance, £; = » /= 334 volts.
E.M.F. consumed by reactance, £, = x/7= 192 volts.
E.M.F. consumed by impedance, £; = z./7 = 385 volts.

4.) 5500 volts between lines at receiving circuit give

% = 3170 volts between line and neutral or zero point
(Fig. 9), or per line, corresponding to a maximum voltage
of 3170 V2 =4500 volts. 44 amperes effective per line
gives a maximum value of 44 /2 = 62 amperes.

Denoting the current by,
i= 62 sin ¢
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e = 4500 sin (¢ + 45) = 3170 (sin ¢ + cos ¢),

that is, it leads the current by 45° or is zero at ¢ = — 45°.
The E.M.F. consumed by resistance and by reactance
being the same as in 4), the generator voltage per line is,

& =¢+ ¢ + ¢, = 3642 sin ¢ + 3442 cos ¢

<

denoting 3613 = tan B, we have,

¢ = 5011 sin (¢ + B).
Thus B, the angle of lag of the current behind the gen-
erator E.M.F,, is 43°, and 5011 the maximum voltage, hence

8550 the effective voltage per line, and 8550 V8 = 6160
the effective voltage between lines at the generator.
d.) If the current

7= 62 sin ¢
leads the E.M.F. by 45°, the E.M.F. at the receiving end is,

e = 4500 sin (¢ — 45)
= 3170 (sin ¢ — cos ¢). .

- Thus at the generator end
& =¢+ ¢ + ¢, = 3642 sin ¢ — 2898 cos ¢
. 2898 M
denoting 3612 = tan B, it is
& = 4654 sin (¢ — B).

Thus B, the angle of lead at the generator, = 39°, and
4654 the maximum voltage, hence 3290 the effective voltage
per line and 5710 the effective voltage between lines at the
generator.

8. EFFECT OF ALTERNATING CURRENTS.

The effect or power consumed by alternating current
i=17, sin ¢, of effective value /= %, in a circuit of re-
sistance 7 and reactance » = 27NV L, is,

X p=ci
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where ¢ = 57, sin (¢ + w) is the impressed E.M.F. consisting
of the components,

&, = 7/, sin ¢ the EXM.F. consumed by resistance,
and ¢, = x 1, cos ¢ the E.M.F. consumed by reactance,

and z= N7*+ a* is the impedance, tan o= — the phase
angle of the circuit.

The effect is thus,
2 =217 sin ¢ sin (¢ + o)
=%1‘;2 (cos @ — cos (2¢+w))
= 2/% (cos © — cos (2 ¢ + w)).

Since the average cos (2 ¢ + o) = zero, the average

effect is
P=zl?cosw

= A2 Y O

That is, the effect of the circuit is that consumed by the
resistance, and independent of the reactance.

Reactance or self-induction consumes no effect, and. the
E.M.F. of self-induction is a wattless E.M.F.,, while the
E.M.F. of resistance is an energy E.M.F.

The wattless E.M.F. is in quadrature, the energy E.M.F.
in phase with the current.

In general, if » = phase angle of circuit, /= current,
E = impressed E.M.F., consisting of two components, one
E, = E cos o, in phase with the current, the other, £, = £
sin o, in quadrature with the current, the effect of the cir-
cuit is /£, = /E cos v, and the E.M.F. in phase with the
current £, = E cos o is an energy E.M.F,, the EM.F. i
quadrature with the current £, = £ sin o, a wattless EMF

Thus we have to distinguish energy E.M.F. and wattless
E.MF., or energy component of E.M.F., in phase with the
current, and wattless component of E.M.F., in quadrature
with the current.

Any E.M.F. can be considered as consisting of two com-
ponents, one in phase with the current or energy E.M.F. ¢,
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and one in quadrature with the current or wattless E.M.F.
€

» Lhe sum of instantaneous values of the two components
is the total E.M.F.

e=¢+ 6.

If E, E, E, are the respective effective values, we have,

E = NE}+ Ep2 since
E,=E cos'w
E,= E sine

where » = phase angle between current and E.M.F.

Analogously, a current / passing through a circuit of
impressed E.M.F. £ with phase angle » can be considered
as consisting of two component currents,

4, = 7 cos o, the energy current or energy component of cur-
rent, and,

I, = 7 sin o, the wattless current or wattless component of
current. :

The sum of instantaneous values of energy and of watt-
less currents equals the instantaneous value of total current,

iti=1i
while their effective values have the relation,
= \/112 + 72

Thus an alternating current can be resolved in two com-
ponents, energy current, in phase, and wattless current, in
quadrature, with the E.M.F.

An alternating E.M.F. can be resolved in two compo-
nents, energy E.M.F, in phase, and wattless E.M.F,, in
quadrature, with the current.

The effect of the circuit is the current times the E.M.F.
times the cosine of the phase angle, or is the energy current

times the total E.M.F,, or the energy E.M.F. times the
total current.
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EXAMPLES.

(1.) What is the effect received over the transmission line
in section 7, example 2, the effect lost in the line, the effect
put into the line, and the efficiency of transmission with non-
inductive load, 45° lag and 45° lead ?.

The effect received per line at noninductive load is 2
=F£/7=3170 X 44 = 137 K.W.

On load of 45° phase displacément, P =FET cos 45°
=97 K.W.

The effect lost per line P, = /°R = 44 x 7.6 = 14.7
K.w.

Thus the input into the line 7, = 2 + P, = 151.7 K.W.
at noninductive load,

and = 111.7 K.W. at load of 45° phase displacement.

The efficiency is with noninductive load,

/2 14.7
7 =1 1517 = %93%.
With load of 45° phase displacement,
P 14.7
}%=]m—fﬁ7:=868%.
The total output is 8 2 =411 KW, and 291 K.W,,
respectively.
The total input 3 Py= 451.1 K.W. and 835.1 K.W,,

respectively.

9. POLAR CO-ORDINATES.

In polar co-ordinates, alternating waves are represented,
with the instantaneous values as radii vectors, and the time
as angle, counting left-handed or counter clockwise, and one
revolution or 360° representing one complete period.

The sine wave of alternating current 7= /; sin ¢ is
represented by a circle (Fig. 10) with the vertical axis as
diameter, equal in length O/, to the maximum value [0, and
shown as heavy drawn circle.
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The E.M.F. consumed by self-induction, ¢, = x /; cos ¢,
is represented by a circle with diameter OZ, in horizontal

direction to the right, and equal in length to the maximum
value, x/, ‘
Analogously, the counter E.MLF. of self-induction £, is
represented by a circle OZ), in Fig. 10, the E.M.F. con-
sumed by resistance » by circle OF,; of a diameter = £,
= r1,, the counter E.M.F. of resistance £, by circle O Z,.

S
N\,

~
SR Y
e

sesvem o
4" ~.§

Fig. 10.

"The counter E.M.F. of impedance is represented by
circle OF of a diameter equal in length to £’, and lagging
180 — » behind the diameter of the current circle. = This
circle pases through the points £, and £/, since at the
moment ¢ = 180°, ¢/ = 0, and thus the counter E.M.F. of
impedance equals the counter E.M.F. of reactance ¢’ = ¢,,
and at ¢ = 270°, ¢/ =0, and the counter E.M.F. of impe-

dance equals the counter E.M.F. of resistance ¢/ = ¢/.
The E.M.F. consumed by impedance or impressed E.M.F.
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is represented by circle O £ of a diameter equal in length
to £, and leading the diameter of the current circle by
angle o. This circle passes through the points £, and £,

An alternating wave is determined by the length and
direction of the diameter of its polar circle. The length is
the maximum value or intensity of the wave, the direction
the phase of the maximum value, generally called the phase
of the wave. '

Usually alternating waves are represented in polar co-
ordinates by mere vectors, the diameters of their polar
circles, and the circles omitted, as in Fig. 11.

Ao
E, B
Ef S >K;
U Yy
E b4
Fig. 1/.

Two E.M.F.’s, ¢, and ¢, acting in the same circuit, give a
resultant E.M.F. ¢ equal to the sum of their instantaneous
values. In polar co-ordinates ¢; and ¢, are represented in
intensity and in phase by two vectors, O £, and OZ,, Fig.
12. The instantaneous values in any direction OX are the
projections Oe, Oe, of OE, and O E, upon this direction.

Since the sum of the projections of the sides of a paral-
lelogram is equal to the projection of the diagonal, the sum
of the projections O¢, and Oe, equals the projection Oe¢ of
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OE, the diagonal of the parallelogram with OE; and OF,
as sides, and O £ is thus the diameter of the circle of re-
sultant E.M.F.

That is,

In polar co-ordinates alternating sine waves of E.M.F,,
current, etc., are combined and resolved by the parallelo-
gram or polygon of sine waves.

Since the effective values are proportional to the maxi-
mum values, the former are generally used as the length of
vector of the alternating wave. In this case the instantane-

Fig. 12.

ous values are given by a circle with V2 times the vector as
diameter.

As phase of the first quantity considered, as in the above
instance the current, any direction can be chosen. The
further quantities are determined thereby in direction or
phase.

In polar co-ordinates, as phase of the current, etc., is
here and in the following understood the time or the angle
of its vector, that is, the time of its maximum value, and a
current of phase zero would thus be denoted analytically by
i =1, cos ¢.
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The zero vector O A is generally chosen for the most
frequently used quantity or reference quantity, as for the
current, if a number of E.M.F.’s are considered in a circuit
of the same current, or for the E.M.F,, if a number of cur-
rents are produced by the same E.M.F., or for the induced
E.M.F. in induction apparatus, as transformers and induc-
tion motors, or for the counter E.M.F. in synchronous
apparatus, etc.

With the current as zero vector, all horizontal compo-
nents of E.M.F. are energy E.M.F.’s, all vertical components
are wattless E.M.F.’s. ,

With the E.M.F. as zero vector, all horizontal components
of current are energy currents, all vertical components of
currents are wattless currents.

By measurement from the polar diagram numerical values
can hardly ever be derived with sufficient accuracy, since
the magnitude of the different quantities entering the same
diagram is usually by far too different, and the polar diagram
is therefore useful only as basis for trigonometrical or other
calculation, and to give an insight into the mutual relation
of the different quantities, and even then great care has to
be taken to distinguish between the two equal but op'posite
vectors: counter E.M.F. and E.M.F. consumed by the
counter E.M.F., as explained before.

EXAMPLES.

In a three-phase long distance transmission, the voltage
between lines at the receiving end shall be 5000 at no load,
5500 at full load of 44 amperes energy current, and propor-
tional at intermediary loads; that is, 5250 at % load, etc.
At % load the current shall be in phase with the E.M.F. at -
the receiving end. The generator excitation and thus the
(nominal) induced E.M.F. of the generator shall be main-
tained constant at all loads. The line has the resistance
7, = 1.6 ohms and the reactance x, = 4.35 ohms per wire,
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the generator in Y connection per circuit the resistance
7, =.71, and the (synchronous) reactance x, = 25 ohms.
What must be the current and its phase relation at no load,
1 load, 4 load, 2 load, and full load, and what will be the
terminal voltage of the generator under these conditions ?
The total resistance of the circuit is, » = 7, + », = 8.31
ohms. The total reactance, x = 1, + x, = 29.35 ohms.

I,

: W h
AR P G T .

% I
2 Fig. 18.

Let, in the polar diagram, Fig. 13 or 14, —O_E = [ repre-
sent the voltage at the receiving end of the line, 07, =/,
the energy current corresponding to the load, in phase with

I, 1

Fig. 14.

|

Q

E, and O7, = I, the wattless current in quadrature with
E, shown leading in Fig. 13, lagging in Fig. 14.

We then have, total current /7 =01.

Thus E.M.F. consumed by resistance, O £, = 7/ in phase
with 7. E.M.F. consumed by reactance, OE, =1, 90°

|

Q
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ahead of /, and their resultant the E.M.F. consumed by im-
pedance O E,

O E, combined with O, the receiving voltage, gives the
generator voltage O £,

Resolving all E.M.F.’s and currents in components in
phase and quadrature with the received voltage %, we have,

PHAsSE QUADRATURE
CoMPONENT. CoMPONENT.
Current VA i
E.M.F. at receiving end of line £ = E 0
E.M.F. consumed by resistance £, = 74 A
E.M.F. consumed by reactance £, = 537k —x/
Thus total E.M.F. or generator voltage
E,=E+E + E,= E+rl +x1, rly—x/]

Herein the wattless lagging current is assumed as posi-
tive, the leading as negative.

The generator E.M.F. thus consists of two components,
which give the resultant value,

Eo=NE+rh+xb)+ (rl— x4 )

substituting numerical values, this becomes,

Ey=N(E + 831 4 + 29.35 ,)* + (8.31 Z, — 29.35 7))*;
at 2 load it is,
5375

V3
/7, = 33, Z, = 0, thus,
E,= V(3090 + 8.31 x 33)* + (29.35 x 33)* = 3520 volts

per line or 3520 X /3 = 6100 volts between lines,
as (nominal) induced E.M.F. of generator.

£

= 3090 volts per circuit

Substituting these values, we have,

3520 = \(Z + 8.31 7, + 29.35 7, + (8.31 7, — 2935 Z,)t.

The voltage between the lines at receiving end shall be:
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No i ] b FurL
b3 Loap, Loap. Loap, Loap. Loap.
Voltage between lines, 5000 5125 5250 5375 5500

Thus, voltage per line, = V3, £ = 2880 2950 3020 3090 3160
The energy currents per line
are, = 0 11 22 33 44

herefrom we get by substituting in above equation

No 1 i 3 FuLL

Loap. Loap. Loap. Loap. Loao.
Wattless current, 7, = 216 162 9.2 0 — 9.7
hence, the total current,
I=~NZIF+ 2= 216 196 239 33.0 45.05
and the power factor,
é = oS 0 = 0 510 920 100.0 98.0

the lag of the current,
0= GOSN S5 02 88238 0° —11.5°

the generator terminal voltage per line is,

E = '\/(E + ndy + x L) + (ndy — x L)
= V(& + 7.6 7 +4.35 L7 + (7.6 ;, — 4.35)

thus:
No 1 3 3 FuLL
Loap. Loao. Loap. Loab. Loap.
Per line, = 2980 3106 3228 3344 3463
Between lines, £’ V8 = 5200 5400 5600 5800 6000

that is, at constant excitation the generator voltage rises
with the load, and proportional thereto.

10. HYSTERESIS AND EFFECTIVE RESISTANCE.

If an alternating current Ol = 7, in Fig. 15, passes
through a circuit of reactance xr = 27/ V. and of negligible

resistance, the magnetic flux produced by the current, O®
= &, is in phase with the current, and the E.M.F. induced
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by this flux, or counter E.M.F. of self-induction, O £ = £E""
= x 7, lags 90° behind the current. The E.M.F. consumed
by self-induction or impressed EM.F. OE" = E" = x/ is
thus 90° ahead of the current.

Inversely, if the EEM.F. OE” = E” is impressed upon a

circuit of reactance x = 27 VL and of negligible resistance,
4

the current O7=7= — lags 90° behind the impressed

This current is called the ex- F'”
citing or magnetizing current of
the magnetic circuit, and is watt-
less.

If the magnetic circuit contains
iron or other magnetic material,
energy is consumed in the mag-
netic circuit by a frictional resist-
ance of the material against a
change of magnetism, which is o
called molecular magnetic friction.

If the alternating.current is the
only available source of energy in
the magnetic circuit, the expendi-
ture of energy by molecular mag-
netic friction appears as a lag of
the magnetism behind the M.M.F.
of the current, that is, as magnetic
leysteresis, and can be measured

Yo

»L

gll
thereby. Fig. 15.
Magnetic hysteresis is, how-
ever, a distinctly different phenomenon from molecular mag-
netic friction, and can be more or less eliminated, as for in-
stance by mechanical vibration, or can be increased, without
changing the molecular magnetic friction.
In consequence of magnetic hysteresis, if an alternating

E.M.F. OF” = E” is impressed upon a circuit of negligible
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resistance, the exciting current, or current producing the
magnetism, in this circuit is not a wattless current, or current
of 90° lag, as in Fig. 15, but lags less than 90°, by an angle
90 — q, as shown by O/ =/ in Fig. 16.
Since the magnetism O® = &
o ® .1, 1isin quadrature with the EM.F.
E” due to it, angle a is the phase
difference between the magnetism
L T and the M.M.F., or the lead of the
Sl M.M.F,, that is, the exciting cur-
rent, before the magnetism. It is called the angle of
hysteretic lead.

In this case the exciting current OI = I can be
J resolved in two components, the magnetizing current
%.» OZ,= I, in phase with the magnetism O® = &, that

is, in quadrature with the E.M.F. OE” = E”, and
thus wattless, and the magnetic energy curvent or hysteresis
curvent OI, = I, in phase with the EM.F. OE" = E”, or
in anacdrature with the magnetism O® = @.

Magnetizing current and magnetic energy current are
the two components of the exciting current.

If the alternating circuit contains besides the reactance
xr=2x/NL, a resistance 7, the EM.F. OE” = E” in the
preceding Fig. 15 and Fig. 16 is not the impressed E.M.F,,
but the E.M.F. consumed by self-induction or reactance,
and has to be combined, Figs. 17 and 18, with the E.M.F.
consumed by the resistance, OE' = E' = I, to get the im-
pressed EM.F. OF = E.

Due to the hysteretic lead a, the lag of the current is
less in Figs. 16 and 18, a circuit expending energy in mole-
cular magnetic friction, than in Figs. 15 and 17, a hysteresis-
less circuit.

As seen in Fig. 18, in a circuit whose ohmic resistance
is not negligible, the magnetic energy current and the mag-
netizing current are not in phase and in quadrature respec-
tively with the impressed E.M.F., but with the counter
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E.M.F. of self-induction or E.M.F. consumed by self-induc-
tion.
Thus the magnetizing current is not quite wattless, as

o

I

obvious, since energy is consumed By this current in the

ohmic resistance of the circuit. '
Resolving, in Fig. 19, the impressed EM.F. OE = £ in

two components, OZ, = £, in phase, and OF,= E, in

o = " >P
E
Ey
/
/ 1
/
I
/
’
7
/
/
/
/
7
/
i
7
7
7
~
/
E, “\\\J /
B~ /
B
Fig. 19.

quadrature with the current O/ =1/, the energy E.M.F.
OE, = E, is greater than £' = /7, and the wattless E.M.F.
OE, = E,less than E" = Ix.
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TR L IR D M R L e llod The effective

I~ total current
; E, wattless EM.F. .
resistance, and the value 2/ = —F = — ———— " i5 called
Vi total current

the apparent or effective reactance of the circuit.

Due to the loss of energy by hysteresis (eddy currents,
etc.), the effective resistance differs from, and is greater
than, the ohmic resistance, and the apparent reactance is less
than the true or self-inductive reactance.

The loss of energy by molecular magnetic friction per
cm® and cycle of magnetism is approximately,

W= 7]&16

where ® = the magnetic induction, in lines of magnetic
force per cm®,

W = energy, in absolute units or ergs per cycle (= 1077
watt seconds or joules), and 75 is called the coefficient of
hysteresis. ;

In soft annealed sheet iron or sheet steel, y varies from
1.25 x 10-®to 4 x 1073 and can in average, for good ma-
terial, be assumed as 2.5 x 102

The loss of power in volume V; at magnetic density &
and frequency 4V, is thus,

P = VN')‘)(BLS X 10—7 watts

and, if 7= exciting current, the hysteretic effective resist-

ance is,
P 631.6

P == V10—
If the magnetic induction ® is proportional to the cur-
rent 7, it is, ‘
i WAV,
o
that is, the effective hysteretic resistance is inversely pro-
portional to the .4 power of the current, and directly pro-
portional to the frequency.
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Besides hysteresis, eddy- or Foucault currents contrib-
ute to the effective resistance.

Since at constant frequency the Foucault currents are
proportional to the magnetism inducing them, and thus
approximately proportional to the current, the loss of power
by Foucault currents is proportional to the square of the
current, the same as the ohmic loss, that is, the effective
resistance due to Foucault currents is approximately con-
stant at constant frequency, while that of hystere51s de-
creases slowly with the current.

Since the Foucault currents are proportional to the fre-
quency, their effective resistance varies with the square of
the frequency, while that of hysteresis varies only propor-
tionally to the frequency.

The total effective resistance of an alternating current
circuit increases with the frequency, but is approximately
constant, within a limited range, at constant frequency, de-
creasing somewhat with the increase of magnetism.

EXAMPLES.

A reactive coil shall give 100 volts E.M.F. of self-
induction at 10 amperes and 60 cycles. The electric circuit
consists of 200 turns (No. 8 B. & S. G.) (s = .013 sq. in.) of
16” mean length of turn. The magnetic circuit has a sec-
tion of 6 sq. in. and a mean length of 18", of iron of hyster-
esis coefficient 5 = 2.5 X 107% An air gap is interposed
in the magnetic circuit, of a section of 10 sq. in. (allowing
for spread), to get the desired reactance.

How long must the air gap be, and what is the resist-
ance, the reactance, the effective resistance, the effective
impedance, and the power factor of the reactive coil ?

200 turns of 16” length and .013 sq. in. section at
resistivity of copper of 1.8 x 10~° have the resistance,

1.8 X 10-¢ x 200 x 16 _
< 013 x 2.54 g

where the factor 2.54 reduces from inches to cm.
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£ = 100 volts induced,
XV = 60 cycles, and
7n = 200 turns,

the maximum magnetic flux is given by £ = 4.44 Nno

or, 100 = 4.44 x .6 X 2009,
as, ® =.188 ml.

This gives in an air gap of 10 sq. in. a maximum density
® = 18,800 lines per sq. in. or 2920 lines per cm?

Ten amperes in 200 turns give 2000 ampere turns ef-
fective or § = 2830 ampere turns maximum.

Neglecting the ampere turns required by the iron part
of the magnetic circuit, 2830 ampere turns have to be con-
sumed by the air gap of density, ® = 2920.

Since,
45
(B = '1()—1)

the length of the air gap has to be

4F 4 x 2830

/=106 = 10 x 2920

= 1.22 cm, or .48".

At 6 sq. in. section and 18" mean length the volume of
iron is 180 cu. in. or 1770 cm?.

The density in the iron ®,=

188;3000 = 31330, lines per
sq. in., or 4850 lines per cm?2 ;
At hysteresis coefficient 9 = 2.5 x 1073, and density &, =
4850, the loss of energy per cycle and cm3 is
W = y® 1
= 2.5 X 1078 x 4850'¢
= 2220 ergs, -

and the hysteresis loss at V= 60 cycles and the volume V
=1770 is thus,

P =60 x 1770 x 2220 ergs per sec.
= 23.5 watts,
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which at 10 amperes represent an effective hysteretic

resistance,

T ‘3—0_ .235 ohms.

102
Hence the total effective resistance of the reactive coil is,
7 =nr + r, =.175 + 235 = .41 ohms.

X = = 10 Ol'lms
.[ :

Thus the impedance,
z = 10.01 ohms,

and the power factor,

p=7=41%.

The total volt-amperes of the reactive coil are,
7% = 1001.
The loss of power :
\ I =41,

11. CAPACITY AND CONDENSERS.

The charge of an electric condenser is proportional to
the impressed voltage and to its capacity.

A condenser is called of unit capacity if unit current
flowing into it during one second produces unit difference
of potential at its terminals.

The practical unit of capacity is that of a condenser in
which one ampere flowing during one second produces one
volt difference of potential.

The practical unit of capacity equals 10~? absolute units.
It is called a farad.

One farad is an extremely large capacity, and one mil-
lionth of one farad is commonly used, and called one micro-
farad, mf.
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If an alternating E.M.F. is impressed upon a conden-
ser, the charge of the condenser varies proportionally to the
E.M.F.,, and thus current flows into the condenser during
rising, out of the condenser during decreasing E.M.F., as
shown in Fig. 20.

That is, the current consumed by the condenser leads
the impressed E.M.F. by 90°, or a quarter of a period.

Fig. 20,

If V= frequency, E = effective alternating E.M.F. im-
pressed upon a condenser of C. mf capacity, the condenser
is charged and discharged twice during each cycle, and the

iy
4N
Since £ V2 is the maximum voltage impressed upon

the condenser, an average of CE V2 10~* amperes would
have to flow during one second to charge the condenser to

time of one complete charge or discharge is thus,

this voftage, and to charge it during ‘—J—V seconds, thus an

average current of 4 NVCE V2 10~° amperes is required.
effective current =« ‘

average current 2+/2

the effective current 7=22VCE 10~¢, that is, at an impressed
E.M.F of £ effective volts and frequency /V, a condenser of
C mf capacity consumes a current of,

7= 2xNCE 10~° amperes effective,

Since

which current leads the terminal voltage by 90° or a quarter
period, or inversely,
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O
2T NC

10¢
2aNC

=/

The value #, = is called the capacity reactance of

the condenser.

Due to the energy loss in the condenser by dielectric
hysteresis, the current leads the E.M.F. by somewhat less
than 90°, and can be resolved into a wattless charging cur-
rent and a dielectric lysterests curvent, which latter, how-
ever, is so small as to be generally negligible.

The capacity of one wire of a transmission line is,

e LIl QS

2 log. Z—dD~

C mf,

where
d = diameter of wire, cm,
D = distance of wire from return wire, cm,
/ = length of wire, cm,
1.11 x 10~ °= reduction coefficient from electrostatic units to mf,

The logarithm is the natural logarithm, thus in common
logarithm, since-log, @ = 2.808 log,, @, the capacity is,
oy M

C———W—mf.

logy, o

The derivation of this equation must be omitted here.
The charging current of a line wire is thus,

I=2xNCE10—¢,
where

AV = the frequency,
£ = the difference of potential, effective, between the line
and the neutral (£ = % line voltage in a single-phase,

: bR
or four-wire quarterphase system, B line voltage, or

YV voltage, in a three-phase system).
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EXAMPLES.

In the transmission line discussed in the examples in
§§ 7, 8, and 9, what is the charging current of the line at
6000 volts between lines and 83.3 cycles? How many
volt amperes does it represent, and what percentage of the full
load current of 44 amperes is it ?

The length of the line is, per wire, /= 2.20 x 10® cm.
The distance between wires, D =45 cm.

The diameter of transmission wire, Z = .82 cm.

Thus, the capacity, per wire,

25 x 10-¢%/
logmg
4
The frequency is, N = 33.3,
The voltage between lines, 6000.

Thus per line, or between line and neutral point,

E = fesin = 3460.
V3
Hence the charging current per line,
Ly=2xNCE 10-¢
= .195 amperes,
or 4439, of fullload current,

that is, negligible in its influence on the transmission
voltage.
The volt-ampere input of the transmission is,
37.E = 2000
=2.04KVA.

12. IMPEDANCE OF TRANSMISSION LINES.

Let » = resistance,
x = 27 /N[ = reactance of a transmission line,
£,= alternating E.M.F. impressed upon the line,
/ = current flowing over the line,
£ = E.M.F. at receiving end of the line, and
o = angle of lag of current 7 behind E.M.F. %,
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«< 0 thus denotes leading, o> 0 lagring current, and
«=0 a noninductive receiver circuit.

The capacity of the transmission line shall be considered
as negligible.

Assuming the current O7 = 7 as zero in the polar dia-
gram Fig. 21, the EM.F. % is
represented by vector OFZ,
ahead of O/ by angle w. The
E.M.F. consumed by resistance
»is OL,=E,= Irin phase with
the current, and the E.M.F. con-
sumed by reactance x» is OF,
=F,>=7Ir, 90° ahead of the cur-
rent, thus the total E.M.F. con-
sumed by the-line, or E.M.F. consumed by impedance, is
the resultant O%, of OF, and OF,, and is E,=/.

Combining OF, and OFE gives OF, the E.M.F. im-
pressed upon the line.

Fig. 21.

Denoting tan « =" the lag angle of the lire impedance,
v

it is, trigonometrically,

OE, = OF’+ EE; — 20E,x EE, cos OEE,,

Since
EE,=0F, = Iz,
OEE,= 180 — a + w;
we have,
Ef=F+ I'2+ 2 Elz cos (a — w),
=(& + L} — 4 EJz sin? 22,
and :

a— o

Eo=\/ (£ + 5P — 4 E Iz sint

and the drop ¢i voltage in the line,

E,—E =\/(E + 22— AEIz sin?a__z_i’”— £,
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That is, the voltage £, required at the sending end of a
line of resistance » and reactance x, delivering current / at
voltage £, and the voltage drop in the line, do not depend
upon current and line constants only, but depend also upon
the angle of phase displacement of the current delivered
over the line. .

If w=0, that is noninductive circuit,

a

E’

that is less than £+/z, and thus the line drop less than /Zz.
If w=a, £,is a maximum,=Z£+/z and the line drop is

the impedance voltage.

E,= \/(E + 7z — 4 E/Jz sin®

Fig. 22.

With decreasing o, £, decreases, and becomes = £ ;
that is, no drop of voltage takes place in the line at a certain
negative value of o, which depends not only on #z and a, but
on £ and /. Beyond this value of , £ becomes smaller
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than £ ; that is, a rise of voltage takes place in the line, due
to its reactance. This can be seen best graphically.

For the same E.M.F. £ received, but different phase
angles w, all vectors OF lie on a circle ¢ with O as center.
Fig. 22, Vector OF, is constant for a given line and given
current /.

"
0

Fig. 23.

Since E,E, = OF = constant, F, lies on a circle ¢, with
E, as center and OF = E as radius.

To construct the diagram for angle v, OF is drawn
under angle » with O7, and £E, parallel to OF,

The distance £,E, between the two circles on vector
OE, is the drop of voltage (or rise of voltage) in the line.

As seen in Fig. 23, £ is maximum in the direction OZF,
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as O_EZ’, that is for w=a, and is less for greater as well,
OF," as smaller angles v, Tt is =F in the direction OF,"
in which case » <0, and minimum in the direction OZ,"".

The values of £ corresponding to the generator voltages
El BV EJ4 E]" ate shown by the points E! E' BV v
respectively. The voltages 7" and E;"" correspond to a
wattless receiver circuit £” and Z£””. For noninductive
receiver circuit OE  the generator voltage is CE;"

That is, in an inductive transmission line the drop of
voltage is maximum and equal to 7z, if the phase argle o of
the receiving circuit equals the phase angle o of the line.
The drop of voltage in the line decreases with increasing
difference between the phase angles of line and receiving
circuit. It becomes zero if the phase angle of the receiving
circuit reaches a certain negative value (leading current).
In this case no drop of voltage takes place in the line. If
the current in the receiving circuit leads more than this
value a rise of voltage takes place in the line. Thus by
varying phase angle o of the receiving circuit, the drop of
voltage in a transmission line with current /7 can be made
anything between /z and a certain negative value. Or in-
versely the same drop of voltage can. be produced for differ-
ent values of the current / by varying the phase angle.

Thus, if means are provided to vary the phase angle of
the receiving circuit, by producing lagging and leading
currents at will (as can be done by synchronous motors cr
converters) the voltage at the receiving circuit can ke mzin-
tained constant within a certain range irrespective of tke
load and generator voltage.

‘In Fig. 24 let OZ=E the receiving voltage, / the erergy
current flowing over the line, thus OE,= £,=7z the EM.F.
consumed by the impedance of the energy current consist-
ing of the E.M.F. consumed by resistance OF, and the
E.M.F. consumed by reactance OFL

Wattless currents are represented in the diagram in the
direction OA4 when lagging and OB when leading. The
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E.M.F. consumed by impedance of these wattless currents is

thus in the direction ¢, at right angles to O—ES. Combining

OFE, and OE gives the EM.F. OF,, which would be required

for noninductive load. If £, is the generator voltage, £ lies

on a circle ¢, with OF, as radius. Thus drawing Z,%, par-
A

e

B
Fig. 24,

allel to ¢/ gives OF, the generator voltage, OF/=E,FE,
th: E.M.F. consumed by impedance of the wattless current,
and proportional thereto O/'=/’ the wattless current re-
quired to give at generator voltage Z; and energy current 7,
the receiver voltage £. This wattless current /’ lags be-
hind £} by less than 90 and more than zero degrees.

In calculating numerical values, w2 can either proceed
trigonometrically as in the preceding, or algebraically by
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resolving all sine waves in two rectangular components, for
instance, a horizontal and vertical component, in the same
way as in mechanics when combining forces.

Let the horizontal components be counted positive
towards the right, negative towards the left, and the verti-
cal component positive upwards, negative downwards.

Assuming the receiving voltage as zero line or positive
horizontal line, the energy current 7 is the horizontal, the
wattless current 7/ the vertical component of current. The
E.M.F. consumed by resistance is horizontal component with
the energy current / and vertical component with the watt-
less current /’, and inversely the E.M.F. consumed by
reactance,

We have thus, as seen from Fig. 24.

HorizoNTAL VERTICAL
CompPONENT.  COMPONENT.
Receiver voltage Z, + £ 0
Energy current,-/, +7 0
Wattless current, /7, 0 +7"
E.M.F. consumed by resistance »
of energy current, /7, + 77 .0
E.M.F. consumed by resistance 7
of wattless current /'7, 0 +7'r
E.M.F. consumed by reactance x
of energy current, /x, 0 —Ix
E.M.F. consumed by reactance x
of wattless current, /’x, + I'x 0
Thus, total E.M.F. required or im-
pressed EM.F., & E+Ir+7l's +1'r —1Ix,

hence, conbined,

E,=N(E+Ir + I'sP + (£ L'r — Ix),
or expanded,

Ey=NE+2E(Ir +I'xy+ [P+ 1% 2

From this equation /’ can be calculated, that is, the watt-
less current found which is required to give Z;and £ at
energy current /.
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The lag of the total current in the receiver circuit behind

the receiver voltage is
4

tan w = —-
D |

The lead of the generator voltage ahead of the receiver
voltage is
vertical component of %,
horizonal component of %o
+ 7’7 — Ix
s +7r+ 15’

tan 6 =

and the lag of the total current behind the generator volt-
age is
Wy = o + 6.

As seen, by resolving into rectangular components the
phase angles are directly determined from these components.

The resistance voltage is the same component as the
current to which it refers.

The reactance voltage is a component 90° ahead of the
current. ’

The same investigation as made here on long-distance
transmission applies also to distribution lines, reactive coils,
transformers, or any other apparatus containing resistance
and reactance inserted in series into an alternating current
Circuit.

EXAMPLES.

1. In an induction motor, at 2000 volts impressed upon
its terminals, the current and the power factor, that is, the
cosine of the angle of lag, as function of the output, are as
given in Fig. 2s. :

The induction motor is supplied over a line of resistance
r=2.0 and reactance r=4.0.

@) How must the generator voltage ¢, be varied to main.
tain constant voltage ¢=2000 at the motor terminals, and

b) At constant generator voltage ¢,=2300, how will the
voltage at the motor terminals vary.
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We have,
= \/ (¢ + iz — 4 eiz sin® e e = 2000,
=P+ 2= 4472
tana=>=2 : o = 63.4°.

cos o = power factor,

and 7 taken from Fig. 25 and substituted, gives @) the values
of ¢, for e=2000, recorded on attached table, and plotted in
Fig. 25.

140

2)

LT~ Power vactor[Cos. &)

T 10/
Output K.WI.
10 20 30 40 50 60 70 80 90 100 110 120 130 1i0 130 150 1.70 180 190 200
Fig. 25.

b) At generator voltage ¢, the terminal voltage of motor
is ¢=2000, the current 7, the output 2. Thus at generator
voltage ¢/=2300, the terminal voltage of motor is,

‘ 9
gk 2300e < 2300
% o

2000,

the current,
#2800

2

L)

e (2300>~ i

)

and the power,
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-

The values of ¢, ¢/, P’ are recorded in the second part
of attached table under &) and plotted on Fig. 26.

J/f—\_ KW,
150
// 140
1/ 130!
.y Volts|
S 2600 120
o
1. 2200] 110
/
g el & ﬁ\\ 2000] 100
~<
/ [ 13000 90)
/ ]
70
/ €O
/ 5
/ g
20,
/
/ ;
/ Amps. 3
107 29 3) 10 5 60 k(] bt | 90 100 110 120 130 1w
Fig. 26.
a) ATt e = 2000, 8) HENCE, AT ¢y = 2300,
Traus,
Ovutrut, | CURRENT, Lag, €ge QurpuT, | CURRENT, | VOLTAGE,
P = KWs B w. s 7 e.
0 12.0 84.3° 2048 0. 13.45 2240
5 12.6 {2 2055 6.25 14.05 2234
10 13.5 62 6° 2060 124 *15.00 2230
15 148 51.6° 2065 18.6 16.4 2220
20 6.3 47.9° 2071 24.4 18.0 2216
30 20.0 37.8° 2084 36.3 22.0 2200
40 25.0 32.8° 2093 48.0 275 2198
50 30.0 29.0° 2110 59.5 327 2180
69 40.0 26 3° 2146 785 428 2160
102 6.0 24 5° 2216 110.2 62.6 2080
132 80.0 25 8° 2294 131.0 79.5 199)
160 100.0 28.4° 2382 149.0 96.4 1928
180 120.0 31.8° 2476 156.5 1115 1869
220 150.0 36.9° 2618 155. 132.0 1760
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2.) Over a line of resistance »=2.0 and reactance xr=
6.0, power is supplied to a receiving circuit at constant volt-
age of ¢=2000. How must the voltage at the beginning of
the line, or generator voltage, ¢, be varied, if at no load the

E.M.F
2400]
T T | 2200/
12000
o |
0
el 50,
] 40/ 2
1 30/ %
L 20—‘
1 10
// Energy Current 0
0 30 30 30 40750 60 70 80 90 100 L0 120 130 140 150 10 170 180 mmloé{’
L1 @F;
Fig. 27.

receiving circuit consumes a wattless current of 7,=20 am-
peres, this wattless current decreases with the increase of
load, that is, of energy current 7, becomes 7,=0 at 7, =50
amperes, and then increases again at the same rate as lead-

ing current ?
The wattless current,
7o =20 5ate =150/
15— 0 ta A =—=t50

and can be represented by,

1'2=< __5%)20=20_.4z;;

the general equation of the transmission line is,

&= (e + &7 + 4%)? + (i — %)

= V(2000 + 24 + 6 4,)* + (27, — 64,);

p EL 1473 43
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hence, substituting the value of 7,

¢ = V(@120 — 47 + (40 — 6.8,
= V196,000 + 46.4 7% — 2240 4.

Substituting successive numerical values fer 7, gives the
values recorded on attached table, and plotted in Fig. 27.

22 l &
0 2120
20 2116
40 2112
60 2128
80 - 2168
100 2176
120 2213
140 2256
160 2308
180 23065
200 2430

13. ALTERNATING CURRENT TRANSFORMER.

The alternating current transformer consists of one mag-
netic current interlinked with two electric circuits, the pri-
mary circuit which receives energy, and the secondary circuit
which delivers energy.

Let r,=resistance, x,= 2x/VS, =self-inductive reactance
of secondary circuit. .

7,=resistance, x,= 2r/V.S,=self-inductive reactance of pri-
mary circuit.

Where S, and S, refer to that magnetic flux which is
interlinked with the one, but not with the other circuit.

condary

Let a=equal ratio of i turns (ratio of trans-
primary

formation).
An alternating E.M.F. £, impressed upon the primary
electric current causes a current to flow, which produces a
magnetic flux @ interlinked with primary and secondary cir-

cuit. This flux ® induces E.M.F.’s E, and Z; in secondary



70 ELECTRICAL ENGINEERING.

and in primary circuit, proportional with each other by the
ratio of turns, £; =-"1.
a

Let £=secondary terminal voltage, /*=secondary cur-

rent, o;=lag of current 7, behind terminal voltage £ (where

o, < 0 denotes leading current).

Denoting then in Fig. 28 by a vector OE=Z the sec-
ondary terminal voltage, O7,=1, is the secondary current
lagging by angle £0/=o,.

Fig. 28.

The E.M.F. consumed by the decondary resistance 7, is
Ok =E/ =1y in phase with 7.

The E.M.F. consumed by the secondary reactance x, is
OE/  =E/"=Ix, 90° ahead of /. Thus the EM.F. con-
sumed by the secondary impedance z,= V72 + a2 is the re-
sultant of OZ, and OF/", or OE"'=E/" =13,

OFE """ combined with the terminal voltage OE=E gives
the secondary induced EM.F. OE,=E,.

Proportional thereto by the ratio of turns and in phase
therewith is the E.M.F. induced in the primary OE,=£F;

[

where £ i=§i.
a

To induce E.M.F. E, and £, the magnetic flux O®=% is
required, 90° ahead of OF, and OF, To produce flux ® the
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M.M.F. of § ampere turns is required, as determined from
the dimensions of the magnetic circuit, and thus the primary
current /,, represented by vector O/, leading O® by angle
a, the angle of hysteretic advance of phase.

Since the total M.M.F. of the transformer is given Ly
the primary exciting current 7, corresponding to the sec-
ondary current /; a component of primary current /', which
may be called the primary load current, flows opposite thereto
and of the same M.M.F, that is, of the intensity /'=a/,, thus
represented by vector 0—[—’ e/t

0., the primary exciting current, and the pr1mary load
current O7’, or component of primary current corresponding
to the secondary current, combined, give the total primary
current O7,=1,,

e, The E M F. consumed by resistance in the primary is
OE = - in phase with 7.

The E M F consumed by the primary reactance is OE
=E/ = Iz, 90° ahead of O/, j

OE, and OFE;’ combined give OL,”, the E.M.F. con-
sumed by the primary impedance.

Equal and opposite to the primary induced E.M.F. OF;
is the component of primary E.M.F. consumed thereby OF'.

OFE' combined with OF,” gives OFE,=FE,, the primary
impressed E.M.F., and angle o,=Z, C/, the phase angle of
the primary circuit.

Figs. 29, 30, and 31 give the polar diagrams for w =45°
or lagging current, w,=zero or noninductive circuit, and o, =
—45° or leading current.

As seen, the primary impressed E.M.F. £ required to
produce the same secondary terminal voltage £ at the same
current 7, is larger with lagging cr inductive, smaller with
lead.ing current than on a noninductive secondary circuit, or
inversely at the same secondary current /, the secondary
terminal voltage £ with lagging current is less, and with
leading current more than with noninductive secondary
circuit, at the same primary impressed E.M.F. £,
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The calculation of numerical values is not practicable by
measurement from the diagram, since the magnitudes of
the different quantities are too different. £/:E/ : E,: E,
being frequently in the proportion 1:10:100 : 2000.

4%

Xi

Fig. 29.

Trigonometrically, the calculation is thus:
In triangle OEE,, Fig. 28, we have,

writing,
oy
tan ¢1 = 7‘1’

OF; =OFE" + EE,— 2 OE EE, cos OEE;
also,

EE, = 1z

X OFEE, =180 — ¢, + v;;

hence,

Ef= FE* 4 I® + 2 Elz cos (¢, — o).
This gives the secondary induced E.M.F., £, and there-
from the primary induced E.M.F.

B
d a
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since
¥ E,06 = 90°,
AT TS A R
and
Ity =1"=al,
()7, = Iy = exciting current,

calculated from the dimensions of the magnetic circuit.
Thus,
1= 14?1+ 2 ol 7y sin (o + a),
the primary current.
In triangle O/, 7, we have

sin JyyOJy + sin 022, = 7,7, -~ OF,
writing
¥ 100l = £,
this becomes
sin By + sin (o + a) = o/} + 7;;

therefrom we get 8, and thus
X EOL=6,=90 —a—g,
In triangle OE’ E, we have

OE; = OF"+ E'E — 2 OF E'E,cos OF' E,,
writing

X
tan ¢0= —9;
7o

we have G0
X OF'E, =180 — ¢, + &
OF = E; = peh
a
) E,E0= ]0207
thus,
Ez____+]2 2_|_ llozocos(¢o @

the impressed E.M.F.
In triangle, OE’ E| is

sin £' OF, < sin OF' Ey, = E'E, + OF,;
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thus, writing,
¥ OF, = Ys
we have
sin y + sin (¢, — 0) = L2y + £y;
herefrom we get ¥ y, and
4 wy = °+ Y

the phase displacement between primary current and im-
pressed E.M.F.
As seen, the trigonometric method of transformer calcu-
lation is rather complicated.
Somewhat simpler is the algebraic method, of resolving
into rectangular components.
Considering first the secondary circuit, of current 7, lag-
ging behind the terminal voltage £ by angle w,.
The terminal voltage £ has the components £ cos o, in
phase, £ sin o, in quadrature with and ahead of the current /7.
The E.M.F. consumed by resistance 7, /,7;, is in phase.
The E.M.F. consumed by reactance x,, /.r,, is in quad-
rature ahead of /.
Thus the induced secondary E.M.F. has the components,
£ cosy+ 77 in phase, .
£ sin o, + /Zix; in quadrature ahead of the current 7,

and the total value:

£ = V(Z cos o, + 2,7)* + (£ sin w, + 7, )%,
and the phase angle of the secondary circuit is :

__Esin o+ Lz,

a-dadyor oy o, + 17y

Resolving all quantities into components in phase and in
quadrature with the induced E.M.F. £, or in horizontal and
in vertical components, chosing the magnetism or mutual
flux as vertical axis, and denoting the direction to the right
and upwards as positive, to the left and downwards as nega-
tive, we have, : :
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HoORIZONTAL VERTICAL
CoMPONENT. COMPONENT.
Secondary current 7, : —Jicosw — 7 sin w
Seecondary induced E.M.F., Z,, — £, 0 ¢
Primary induced, or counter, E.M.F.,
= §—l b —_ é 0
a a
Primary E.M.F. consumed thereby,
E=— E; —+ é‘—l 0
Primary load current, /' = —a/, +alicosw +alsine
Magnetic flux &, 0 ®
Primary exciting current, 7, consist-
ing of hysteresis current, : Iysina
Magnetizing current, Iy cosa

Hence, total primary current, /;,

Hor1zoNnTAL COMPONENT. - VErTICAL COMPONENT.

aly cos o+ Zy sin a al; sin o, 4/ cosa

E.M.F. consumed by primary resistance 7, £, =/, in phase
with 7, ’
Hori1zoNTAL COMPONENT, VERTICAL COMPONENT.
roaly cos o + 7y, sina road; sin o + 77y, cos a
A
E.M.F. consumed by primary reactance x,, £,= /x,, 90°
“ahead of 7,

Hor1zoNTAL COMPONENT. VeRrTICAL COMPONENT.
xgalysin w +x, 0 cosa  — xal;cos w—x,lysin a
; : Z;
E.M.F. consumed by primary induced E.M.F., £* = 71;
Thus, total primary impressed E.M.F., Z,.

HoRr1zoNTAL COMPONENT. 5
E | a . :
=L 4w/ (7, cos © + x,8in w) + 7y (75 5ina + x, cos a).
a

VerTicAL COMPONENT,
aly (7,5in @ — x4c08 w) + Zgy(7; COS a — x,5in a),

o Xy
or writing, tan ¢y = —>
! . %0
since
—_ g Xy 7,
‘\/r02+ Xl = 2y, Sinpg =", COS ¢y= -,
% %






78 ELECTRICAL ENGINEERING.

the regulation, that is, the rise of secondary voltage from
full load to no load, at constant primary voltage, and what
is this primary voltage ?

@). at noninductive secondary load,

). with 60° lag in the external secondary circuit,

¢). with 60° lead in the external secondary circuit.

The exciting current is .0 amperes, the hysteresis loss
600 watts, the primary resistance 2 ohms, the primary
reactance 5 ohms, the secondary resistance .004 ohms, the
secondary reactance .01 ohm.

600 watts at 2000 volts give .3 amperes magnetic
energy current, hence V.5?— 8? = .4 amperes magnetizing
current.

We have thus,

= 2 n = .004 ]00 cosa =.3 a=.05
Gy == 3] o= UL Iysin a =.4

T b
Iy == 45

1. Secondary current as horizontal axis, —

NoNINDUCTIVE, Lac, Leap,
w; =0. wy = - 60°. W =—
Hor. VERT. Hor. VERT. Hor. VERT.
Secondary current, ¢
VRSN 6 S 50 0 200 0 200 0
Secondary terminal
voltage, £. . .| 100 0 50 — £6.6 50 + 866
Resistance voltage,
Uirirdyt 3 8 0 8 0 .8 0
Reactance voltage,
WA Sy e ST 0 == 2¢() 0 —2.0 0 —%2:0
Secondary induced ]
EMF,£E. . .| 1008 | —2.0 50.8 | —88.6 50.8 | +84.6
Secondary induced
E.M.F, total . . 100.80 102.13 98.68
Gamt et < 5 A +.0198 +1.745 —1.665
O sy - LA A it ol Ao +60.2° — 59.0°
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2. Magnetic flux as vertical axis, —
NONINDUCTIVE, Lac, Leap,
@, =0, w; =} 60°, wy = — 60°,
Hor. VERT. Hor, VERT. Hor VERT.
Secondary induced
EM.F., £ .| —100.80 0 |—102.13 0 — 98.68 0
Secondary current,
AP R S | 2200 —4 | —994 |—1728 [—103 |+1714
Primary load cur-
current, /’=—alZ | +10 +.2| +497| +8.64| +515( —8.57
Primary  exciting
current, Zoo A3 4 3 4 3 4
Total primary cur-
rent, Jo . - A0S +.6] +527| +9.04( +545| —817
Primary resistance,
voltage, Zoro . 20.6 12 10.54 18.68 10.90 | —16.34
Primary reactance,
voltage, Joxo . 30 —513 4520 —26.35| —40.85| —27.25
E.M.F. consumed
by primary coun-
ter EM.F,, ——f‘ .| 2016 0 | 20426 0 | 19736 0
Total primary im-
pressed EM.F. £ | 2039.6 |—50.1| 2098.34| —8.27| 1943.65 |—43.59
Hence, —
NoONINDUCTIVE, Lag, LEeaAp,
w, = 0. wy = - 60°, @y = —60°.
Resultant £o 2040.1 2093.3 1944.2
Resultant /o 10.32 10.47 9.82
Phase of £o —14° o a2
Phase of 7 +3.3° + 59.8° — 56.3°
Primary lag, wo . +4.7° =+ 60.0° R
Regulation ﬁ 1.02005 1.04915 972
Drop of voltage, per cent 2.C05 4615 2509
Change of phase, wo— w1 4.7° 0 4.9°

14, RECTANGULAR CO-ORDINATES.

The polar diagram of sine waves gives the best insight
into the mutual relations of alternating currents and

EM.F.s.

For numerical calculation from the polar diagram either
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the trigonometric method or the method of rectangular
components is used.

The method of rectangular components, as explained in
the last paragraphs, is usually simpler and more convenient
than the trigonometric method.

In the method of rectangular components it is desirable
to distinguish the two components from each other and from
the resultant or total value by their notation.

To distinguish the components from the resultant, small
letters are used for the components, capitals for the result-
ant. Thus in the transformer diagram of section 13 the
secondary current /, has the horizontal component 7, = — 7,
cos o, and the vertical component 7' = — 7, sin o,.

To distinguish horizontal and vertical components from
each other, either different types of letters can be used, or
indices, or a prefix or- coefficient.

Different types of letters are inconvenient, indices dis-
tinguishing the components undesirable, since indices are
reserved for distinguishing different E.M.F.’s, currents, etc.,
from each other.

Thus the most convenient way is the addition of a pre-
fix or coefficient to one of the components, and as such the
letter 7 is commonly used with the vertical component.

Thus the secondary current in the transformer diagram
section 18 can be written,

4+ jiy= 1, cos o, + j7; sin oy

This method offers the further advantage, that the two
components can be written side by side, with the plus sign
between them, since the addition of the prefix 7 distinguishes

the value 7, or 77, sine, as vertical component from the hori-
zontal component 7, or /; cos o,

h=i+7, R
thus means, I, consists of a horizontal component 7z and a

vertical component 7, and the plus sign signifies that 7, and
7, are combined by the parellelogram of sine waves.

13



RECTANGULAR CO-ORDINATES. 81

The secondary induced E.M.F. of the transformer in
section 18, Fig. 28, is written in this manner, £, = — ¢,
that is, it has the horizontal component — ¢, and no vertical
component.

The primary induced E.M.F. is,

Ei= ———el’
a

and the E. M. F. consumed thereby
I .
=42
The secondary current is,
h=—4—jb.
Where
4=/ coswy, 7,= 7 sino,
and the primary load current corresponding thereto is,
I’ =— af, = ai, + jai,.
The primary exciting current,
doo= 1+ Ji:
where /2= /, sin e is the magnetic energy current, & =7,

cos e the wattless magnetizing current.
Thus the total primary current is,

L=1"+ Iwy= (e + %) + j(ai + &).
The E.M.F. consumed by primary resistance #, is
rodo= ry(at, + &) + jro(aiy + 8).

The horizontal component of primary current (a7 +/%)
gives as E.M.F. consumed by reactance x, a negative vertical
component, denoted by — jr, (a7, + /%). The vertical com-
ponent of primary current ; (az, + g) gives as E.M.F. con-
sumed by reactance x, a positive hoizontal component,
denoted by x, (a7, + g).

Thus the total E.M.F. consumed by primary reactance
2,18,
xo(aty + &) — jxo(aty + /),
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and the total E.M.F. consumed by primary impedance is,
(7o (@t + %) + xo(azy + £)] + /[0 (2t + &) — xo (a2t + A)].

Thus, to get from the current the E.M.F. consumed by
reactance x, to the horizontal component of current the
coefficient —7 has to be added, in the vertical component the

coefficient ;7 omitted. Or we can say,
> The reactance is denoted by — jr, for the horizontal,

and by % for the vertical component of current.

Or other words,
If 7= i+ 7 is a current, » the reactance of its circuit, '
the E.M.F. consumed by the reactance is,

— Jxi + xi’ = xi’ — jxi.
If instead of cmitting 7 in deriving the reactance E.M.F.
for the vertical component of current, we would add — 7also,

(as done when deriving the reactance E.M.F. for the hori-
zontal component of current) we get the reactance E.M.F.

— jxi — jxd,
which gives the correct value — jiz + 27, if
j2 S 17
that is, we can say,

In deriving the E.M.F. consumed by reactance, 1;, from
the current, we multiply the current by — s, and substitute
AL

" —jx can thus be called the reactance in the representa-
tion in rectangular co-ordinates and
» — jx the impedance,
by defining, and substituting,
]‘2 = 1_ »

The primary impedance voltage of the transformer in
the preceding could thus be derived directly by multiplying
the current,

2= (air+ %) + 7 (aty + &),
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with the impedance - '
3y = ¥y — J%,.

This gives
Ey = 5dy = (ro — jxo) [(air + %)) + / (aiy +- £)]

= ry(aty + %) + jro(at, + &) — jxo(aiy + £) — 7%, (aiy + £),
and substituting 7* = — 1,
EJ = [ry(aiy+ /) 4+ x(aty+ &) + 7 [70(aty + &) — x4 (ady + £)],
and the total primary impressed E.M.F. is thus,
Eo = E,+Eol

€. o . . . .

= [;1 = ry(ai, + %) + xo(ady +g)] +7 [ro (a4 &) — x, (“’1+/3):|.
Such an expression in rectangular co-ordinates as,

I=i+/7,

represents not only the current strength but also its phase.
It means, in Fig. 82, that

the total current O/ has the two

rectangular components, the hor-

izontal component / cos o =z,

and the vertical component

’

L LT s I

/sin o= 7.

Thus,

7 O 4
tan @ = ZT’- Fig. 32.
‘that is, the tangent function of the phase angle is the verti-
cal component divided by the horizontal component, or the
term with prefix 7 divided by the term without ;.
The total current intensity is obviously,

I A
The capital letter 7 in the symbolic expression /= 7 + 7 ¢/
thus represents more than the / used in the preceding for
total current, etc., and gives not only the intensity but also

the phase. It is thus necessary to distinguish by the type
of the latter, the capital letters denoting the resultant cur-
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rent in symbolic expression (that is, giving intensity and
phase) from the capital letters giving merely the intensity
regardless of phase. '

{Ehatdis;
I=i+ji
denotes a current of intensity
T = NP 4,
and phase
K/
tan o = 7—

3
In the following, dotted italics will be used for the sym-
bolic expressions and plain italics for the absolute values of
alternating waves.
In the same way z = V7® + 2* is denoted in symbolic
representation of its rectangular components by

Z =r— jx.

When using the symbolic expression of rectangular co-
ordinates it is necessary ultimately to reduce to common
expressions.

Thus in the above discussed transformer the symbolic
expression of primary impressed E.M.F.

E= [2 + ry(an+ %) + x4 (aty + g):] + j[ro(az;,—i—g) —xo(ai1+lz)]

means that the primary impressed E.M.F. has the intensity, .

2

B= | &+ et b+ it 9| + |3(ais-) = so(ai+ 2
and the phase, , \ ;

ro(aiy + &) — xo(aty+ /)
2t 7o (ah + A) + % (aiy + £)

tan ¢, =

This symbolism of rectangular components is the quick-
est and simplest method of dealing with alternating current
phenomena, and is in many more complicated cases the only
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‘method which can solve the problem at all, and thus the
reader should become fully familiar with this method.

EXAMPLES.

(1). Ina 20 K.W. transformer the ratio of turnsis 20 :1,
and 100 volts are required at the secondary terminals at full
load. What is the primary current, the primary impressed
E.M.F., and the primary lag,

a) At noninductive load, o, = 0;

b) With o;=60° lag in the external secondary circuit;

¢) With o;=—60° lead in the external secondary circuit?

The exciting current is /' = .3 4.4 amperes, at ¢= 2000
volts impressed, or rather, brimary induced E.M.F.

The primary impedance, Z, = 2 — 5 ohms.

The secondary impedance, 2, =.004 — .01, ohms.

We have, in symbolic expression, choosing the secondary
current /, as real axis (see page 86).

(2). €= 2000 volts are impressed upon the primary cir-
cuit of a transformer of ratio of turns 20 :1. The primary
impedance is, Z, = 2 — 5, the secondary impedance, Z,=
.004 — .01, and the exciting current at ¢ = 2000 volts
induced E.M.F. is /, = .3 + .4;, thus the “primary admit-

tance,” ¥ =% = (15 + 2;) 10-*,
(4

What is the secondary current and secondary terminal
voltage, and the primary current, if the secondary circuit is
closed by, '

a). resistance,

Z = r = .5 — noninductive circuit.
). impedance,

Z =r — jx = .3 —.4;7 — inductive circuit.
¢). impedance,

Z=7r—jx=.3 4+ .4/ — anti-inductive circuit.
Let,
¢ = secondary induced E.M.F.,

assumed as real axis in symbolic expression (see page 86.)
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3). A transmission line of impedance Z=»—jxr =
20 — 50 feeds a noninductive receiving circuit. At the
receiving end, an apparatus is connected which produces
wattless lagging or leading currents at will (synchronous
machine) .12000 volts are impressed upon the line. How
much lagging and leading currents respectively must be
produced at the receiving end of the line, to get 10,000

volts,
@). at no load,

b). at 50 amperes energy current as load,
¢). at 100 amperes energy current as load ?
Let
¢ = 10,000 = E.M.F. received at end of line.
7,= energy current, 7, = wattless lagging current;
thus, '
/= ¢ + ji, = total current in line.

The voltage at generator end of line is then,

Ey=c+ 27
= ¢+ (r —jx) (4 + %)
= (¢ + 7iy + xi) + 7 (riy — 1)
= (10,000 + 207, + 50 7,) + 7 (20 4, — 50 7,),
or, reduced,
Ey= (e + 7iy + x5,)* + (riy— x4,)?;

thus, since %, = 12,000,

12,000 = V(10,000 + 207, 4-50 7,)*+ (20 2,— 504)?;
a). No load,

5=0;
thus,

12,000 = V(10,000 4- 50 7,)? 4+ 400 2,*:

hence,
i, = +39.5 amps., wattless lagging current, /= 4-39.5 7.

5). Half load,
2p=:505%



LOAD CHARACTERISTIC OF TRANSMISSION LINE. 89

thus,
12,000 = /(11,000 + 507>+ (207, — 2,500)%;

hence,

7z, = -+ 16 amps., lagging current, /= 50 416,
¢). Full load,
7, =100;
thus, .
12,000 = V(12,000 + 50 7,)* + (207, — 5000)¢;

hence,
7 = — 27.13 amps., leading current, /=100 — 27.13.

15. LOAD CHARACTERISTIC OF TRANSMISSION
LINE.

The load characteristic of a transmission line is the curve
of volts and watts at the receiving end of the line as func-
tion of the amperes, and at constant E.M.F. impressed upon
the generator end of the line. :

Let »=resistance, x =reactance of the line. Its impe-
" dance z= V72+22 can be denoted symbolically by

‘ Z=7r—jx.

Let £,= E.M.F. impressed upon the line.:

Choosing the E.M.F. at the end of the line as horizontal
component in the polar diagram, it can be denoted by £ =e.

At noninductive load the current flowing over the line is
in phase with the E.M.F. ¢, thus denoted by /=:.

The E.M.F.consumed by the line impedance Z =#»— jx is,

E=ZI= (r—jx)i
= 7i — jxi.

Thus the impressed voltage,

E,= E+ E,=c¢+ 7i — jxi.
or, reduced,

Ey= N(e + 77)* 4 2°7, °
e = NVEZ—x*%* — ri, the EM.F.

and
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P == iNE}— a%® — ri?

the power received at end of the line.
The curve of E.M.F. ¢ is an arc of an ellipse.
At open circuit it is,

2=}
thus,

e =k,

P=0,

as to be expected.
At short circuit,
e =0,
0= VEZ — 222 — 7,
thus,
) Vo E,
e R
VAL 2 3
that is, the maximum current which can flow over the line
with a noninductive receiver circuit and at negligible line

capacity.
The condition of maximum power delivered over the
line 1s GRAL
@
that is,
— 22%)
‘\/E”—-x”z'z—}-%l( 2¢i=0
’ VEZF — 2 :

substituted,

and expanded,

2= (R + 2D
= 22,
hence,
e = zi,
é
-=Z.
z

€

=r, is the resistance or effective resistance of the re-

ceiving circuit.
ihatsici-
Maximum power is delivered into a nonindctive receiving
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circuit over an inductive line impressed by constant E.M.F,,
if the resistance of the receiving circuit equals the impe-

dance of the line.
Za=e2p

In this case the total impedance of the system is,

Zy=2Z+nr=r+z—rx,

or
N= \[(r+z)2+x2.

. E,

thus the current,

H =

P V(7 + 2+

|

%

The power transmitted is,
i Els
A==y Ty
. E02

=2(r+z);

that is, —

The maximum power which can be transmitted over a
line of resistance » and reactance x is the square of the im-
pressed E.M.F. divided by twice the sum of resistance and
impedance of the line.

At » = 0, this gives the common formula,

E 2
p=2

INDUCTIVE LOAD.

With an inductive receiving circuit of lag angle w, or
power factor p=cos w, and inductance factor g=sin w, at
E.M.F. E=¢ at receiving circuit, the current is denoted

by,
I=1(¢+79);

thus the E.M.F. consumed by the line impedance Z=7 — jr is,

Ei= 20 = 1(p +j0) (r — )
= 7[(p + %9) +7 (g — )]
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and the generator voltage,

Ey=E+ F

= [e+ Z(mp + x9)] + 71 (rg — x2),
or, reduced,

E,=N[e+ I(mp + x9)F + 1% (rg — xp)},

and,

¢ =NEF —1*(rg + xp) — 1(7p + x9),
the power received is the E.M.F. times the energy com-
ponent of current, thus,

P=clp :
= IpNEZE —I*(rg +xp) — 124 (rp + x9),

the curve of E.M.F. ¢ as function of the current / is again
an arc of an ellipse.
At short circuit ¢ = 0, thus, substituted

i
z’

the same value as at noninductive load, as is obvious.
The condition of maximum output delivered over the
line is,

that is, differentiated and

\onz"]z(rY_ xp)2=e+](7‘]5+:xq),

substituted, and expanded,

e =710+ 25
=5 5
e= 1Iz;
or,
e—
7=%

2 ’ e RN X2
2, = - 1s the impedance of the receiving circuit.
z

That is, the power received in an inductive circuit over
an inductive line is a maximum, if the impedance of the
receiving circuit, z,, equals the impedance of the line, 2.
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Substituting for 7, gives the values plotted in Fig. 33.

1
Volts

11000

N ; KW,
e 1000 10000

\\ / /—\\ 96 9000
/ \\ 800 8000
/ ' ' \ 700 7600

300 3000
/ Rk
/ N\ 200 2000
/ \\ 100 1000
Amps, \ 0 0
20 40 60 80 100 12v 140 160 130 W 220
Fig. 33.
2. e p=el
0 12,000 0
20 11,500 230 x 103
40 11,000 440 x 103
60 10,400 624 X 103
80 9,700 776 X 103
100 8,900 890 x 103
120 8,000 963 X 108
140 6,940 971 X 103
160 : 5,750 920 x 103
180 4,240 764 X 103
200 2,630 526 X 103
220 A 400 83 % 103
223 0 c i

16. PHASE CONTROL OF TRANSMISSION LINES,

If'in the receiving circuit of an inductive transmission line
the phase relation can be changed, the drop of voltage in
the line can be maintained constant at varying loads or even
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decreased with increasing load ; that is, at constant generator
voltage the transmission can be compounded for ccnstant
voltage at the receiving end, or even over-compounded for
a voltage increasing with the load.

1. COMPOUNDING OF TRANSMISSION FOR CONSTANT
VOLTAGE.

Let 7r=resistance, r=reactance of transmission line,
¢,=voltage impressed upon the beginning of the hne, o=
voltage received at end of line.

Let Z=energy current in the receiving circuit; that is,
P =¢i=transmitted power, and 7= wattless current pro-
duced in the system for controlling the voltage. 7, shall ke
considered positive as lagging, negative as leading current.

The total current is then, in symbolic representation,

I=1i+jn;
the line impedance,
Z =r—jx;
thus the E.M.F. consumed by the line impedance,
Ey=Zl=(r—jx)(+/1)
= 77 + jriy — jxi — 7%
and substituting
Jr=—1.
Fy = (ri + i) + / (ri — i),
Hence the voltage impressed upon the line

FEo=e+ E
= (¢ + 7i + xiy) + j (riy — x7),
or reduced,

= V(e+ i+ x2 )+ (riy — xi)2
If in this cquation ¢ and ¢, are constant, 7,, the wattless
component of current, is given as function of the energy
current z and thus of the load ez.
Hence either ¢, and ¢ can be chosen, or.one of the
E.M.F.s ¢, or ¢ and the wattless current 7, corresponding
to a given energy current z.
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If 7,=0at /=0, and ¢ is assumed as given, ¢,=e.
Thus,

Ch= \/(a + 7i + x4)? + (7 — x7)F,
2e(ri +xi) + (P4 a0 (2— 47 = 0.
As seen, in this equation 7, must always be negative, that

is, the current leading.
From this equation it follows,

X VExE — Zerit — i%
1 P2
Thus the wattless current 7, must be varied by this equation
to maintain constant voltage ¢=¢, irrespective of the load ¢7.
7, becomes impossible if the term under the square root
becomes negative, that is, at the value,

Ext — 2eris® — %4 =0,

or,
;e — 7)
: R
At this point the power transmitted is
NG
A=t ti— lldin r).

2.2

This is the maximum power, which can be transmitted
without drop of voltage in the line, at an energy current 7 =
e(z—7)

. T

The wattless current corresponding hereto is, since the
square root becomes zero,

v ex
Il =—
thus the ratio of wattless to energy current, or the tan. of.
the phase angle of the receiving circuit, is
: 2 o
tan w; = - = —
-5 z3—7r

A larger amount of power is transmitted if ¢,is chosen
>¢, a smaller amount of power if ¢, < e.
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In the latter case 7, is always leading; in the former case
7, is lagging at no load, becomes zero at some intermediate
load, and leading at higher load.

If the line impedance Z=7— jx and the received voltage
¢ is given, and the energy current 7, at which the wattless
current shall be zero, the voltage at the generator end of the
line is determined hereby from the equation, -

6= N(e+ ri + xiy)}? + (riy — xi )3,
by substituting

=0 8="7,

e = V(e + ri)’+ 22
Substituting this value in the general equation,

e = N(e+ri + xi)* + (ri — xiy)?

as

gives .
(e 4 7)* + &% = (¢ + i + xiy)® + (rdy — ai)?
as equation between 7 and 7.
If at constant generator voltage ¢,
at no load,

~,

=00 o=y rae= 0
and at the load,

% y G tei=—broe=—();
it is, substituted, —

no load,

b= N(é + xg)* + 24,
load 4,

e = (e, + rig)t + 7%
Thus,

(a0 + xq)" + 8°¢* = (6 + 740)° + 7ad’;
or, expanded,
P (7 + &%) + 2 gxey = i2 (1 + 2) + 2ige,
This equation gives ¢ as function of 7, ¢, 7, 1.
If now the wattless current 7, varies as linear function of
the energy current 7, as in case of compounding by rotary
converter with shunt and series field, it is,

s 7, — ¢
L= (—0‘——10)9.
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Substituting this value in the general equation,
(6o + 71p)* + 2% = (e + 7 + x4+ (74, — ai)?

gives ¢ as function of 7, that is, gives the voltage at the re-
ceiving end as function of the load, at constant voltage ¢, at
the generating end, and ¢ =¢, for no load,

d= 5T =0p
and ¢ = ¢, for the load,
==}

Between 7= 0 and /=7, ¢>¢, and the currentis lagging.

Above 7=, ¢ < ¢, and the current is leading.

By the reaction of the variation of ¢ from ¢, upon the
receiving apparatus producing wattless current 7, and by
magnetic saturation in the receiving apparatus, the deviation
o: ¢ from ¢, is reduced, that is, the regulation improvéd. .

2. OVER-COMPOUNDING OF TRANSMISSION LINES.

The impressed voltage at the generator end of the line
was found in the preceding,

ey = (e +77 +x0)*+ (ri,— xi )2

If the voltage at the end of the line ¢ shall rise propor-
tionally to the energy current 7, then

e =¢ + ai.

Thus

== ‘\/[L'1 + (@ + )i+ x4 P + (rdy — xi)%

And herefrom in the same way as in the preceding we
get the characteristic curve of the transmission.

If e,=e, ;=0 at no load, and is leading at load. If
¢, < ¢, 7, 1s always leading, and the maximum output less than
before.

If ¢, > ¢, 7, is lagging at no load, becomes zero at some
intermediate load, and leading at higher load. The maxi-
mum output is greater than at ¢, = ¢,.-
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The greater «, the less is the maximum output at the
same ¢, and ¢,. ‘

The greater ¢, the greater is the maximum output at the
same ¢, and a, but the greater at the same time the lagging
current (or less the leading current) at no load.

EXAMPLES.

(1.) A constant voltage of ¢, is impressed upon a trans-
mission line of impedance Z =7 —jx =10 — 20;. The voltage
at the receiving end shall be 10000 at no load as well as at
full load of 75 amps. energy current. The wattless current
in the receiving circuit is raised proportionally to the load, so
as to be lagging at no load, zero at full load or 75 amps., and
leading beyond this. What voltage ¢, has to be impressed
upon the line, and what is the voltage ¢ at the receiving end
at i, 3, and 1} load ?

Let /=4 + ji,=current, Z=¢ voltage in receiving circuit.
The generator voltage is then,

Ey=e+ 27
= e+ (r —jx) (4 + /%)
= (e + 74, + xiy) + j (ri, — x1))
= (¢4 104 + 204) + 7 (107, — 20 )¢

o, reduced,
ef = (¢ + 7iy + a2 + (riy — xi))?
or, ‘ ,
= (e + 104 + 20 4)* 4+ (104, — 20 7).
At

4=75 4,=0, ¢=10,000,
thus, substituted,

e = 10,7507 + 1,500 = 117.81 x 108;
hence,

¢, = 10,860 volts is the generator voltage.

At :
i =0, ¢=10.000, ¢ = 10,860, let 7, = g,

these values substituted give,

117.81 X 10° = (10,000 + 20 )2 + 100 42
=100 X 10° + 4004 X 10° 4 500 4
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or,
g =44.525 — 1.25 421073;

this equation is best solved by approximation, and then
gives,
¢ = 42.3 amps. wattless lagging current at no load.

Since,
& = (e + 74 + x5, + (riy — x4)?,
it follows,

e = Net — (rt, — xi))* — (riy + x1y),

or,

e = VI117.81 X 10° — (107, — 20 ) — (107, + 20 7,).

Substituting herein the values of 7 and ¢, gives e.

7. Z. e.

0 42.3 10,000
25 28.2 10,038
50 14.1 10,038
5 0 10,000

100 —14.1 9,922
125 —28.2 9,803

(2) A constant voltage ¢, is irripressed upon a trans-
mission line of impedance Z=7 — jx=10—10,. “The voltage
at the receiving end shall be 10,000 at no load as well as at
full load of 100 amps. energy current. At full load the total
current shall be in phase with the E.M.F. at the receiving
end, and at no load a lagging current of 50 amps. is per-
mitted. How much additional reactancesr, is to be inserted,
what must be the generator voltage ¢, and what will be the
voltage ¢ at the receiving end at } load and at 1} load, if the
wattless current varies proportionally to the load ?

Let x,= additional reactance inserted in circuit.
Let 7 = 7 + sz, = current.
Then,

e = (e + 76, + %ol + (riy— x,8))* = (e +104 4 x,7,)* +10 4, — x,7)%,
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(3) In a circuit whose Volfage ¢, fluctuates by 209, be-
tween 1800 and 2200 volts, a synchronous motor of internal
impedance £, = r,— jx,= .5 — 5; is connected through a re-
active coil of impedance’ Z, = », — jx, = .5 — 10y, and run light,
as compensator (that is, generator of wattless currents).
How will the voltage at the synchronous motor terminals
¢, at constant excitation, that is, constant counter E.M.F.
¢=2000, vary as function of ¢, at no load, and at a load of
7 =100 amps. energy current, and what will be the wattless
current in the synchronous motor ?

Let /=1 4 j7,= current in receiving circuit of voltage
e, Of this current 7, sz, flows into the synchronous motor
of counter E.M.F. ¢, and thus,

Ei=e+ 2y
= ¢ + Xyt + j7 ot
or, reduced,
e = (e + xyfy)? + 7ok
In the supply circuit the voltage is,

Ey=E+ 12,
= ¢ + xoty + 1oty + (4 + %) (1 — j%y)
= [e + nty + (% + x) %] + 7 [(70 + 71) &2 — x71)s
or, reduced,
el = [e + niy + (% + x) ] + [(70 + 1) & — 2 ]~

Substituting in the equations for ¢ and ¢/, the above values
of 7, and x,:
At no load

5= 0,
we have

er= (e + b2+ 2547

et = (e + 15 4> + i
At full load,

7= 100,

o= (e + Bi) + .25 i

e’ = (e + 50 + 157,)* + (7, — 1,000,

e = 2.000 substituted,
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at no load,
. Z'l — O,
gives,
of = (2,000 + 54y + 2542,
e = (2,000 + 15 3) + 77 /
at full load,
iy = 100,
= (2,000 + 5i)* + .25 72,
&t = (2,050 +15 5 + (5, — 1,000)2,
Substituting herein ¢,= successively 1,800, 1,900, 2,000,
2,100, 2,200, gives values of z, which, substituted in the
equation for «7 give the corresponding values of ¢, as re-
corded in the following table.

As seen, in the local circuit controlled by the syn-
chronous compensator, and separated by rezctance from the
main circuit of fluctuating voltage, the fluctuations of volt-
age appear in a greatly reduced magnitude only, and can be
entirely eliminated by varying the excitation of the syn-
chronous compensator.

e = 2,0300.
No Loap, 7 =0, FuLL Loap, 7, = 100,
0; . . Zy. .
1,800 TS 1,937 204 1,810
1,900 = 1,965 —30.1 1,850
2,000 . 0 2,00 —22 1,865
2,100 Sl 2,035 — 135 1,935
2,200 +13.3 2,074 - — 6.5 1,970

17. IMPEDANCE AND ADMITTANCE.

In direct current circuits the most important law is
Ohm'’s law :

7
i= -,
p
(@i =817
oF, e
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where ¢ is the E.M.F. impressed upon resistance 7 to pro-
duce current 7 therein.

Since in alternating current circuits by the passage of a
current z through a resistance » additional E.M.F.’s may be

produced therein, when applying Ohm’s law, i =2 to alter-
-

nating current circuits, ¢ is the total E.M.F. resulting from
the impressed E.M.F., and all E.M.F.’s produced by the cur-
rent Z in the circuit.

Such counter E.M.F.’s may be due to inductance, as self
or mutual inductance, to capacity, chemical polarization, etc.

The counter E.M.F. of self-induction, or E.M.F. induced
by the magnetic field produced by the alternating current 7
is represented by a quantity of the same dimension as resist-
ance, and measured in Ohms: reactance x. The E.M.F.
consumed by reactance x is in quadrature with the current,
that consumed by resistance 7 in phase with the current.

Reactance and resistance combined give the impedance,

5= VAT &,
or in symbolic or vector representation,
Z=r-—jx.

In general in an alternating current circuit of current 7
the E.M.F. ¢ can be resolved in two components, an energy
component ¢, in phase with the current, and a wattless com-
ponent ¢, in quadrature with the current.

The quantity

¢, _energy EM.F. or EM.F. in phase with the current
e current
is called the effective resistance.
The quantity

& _ wattless E.M.F. of E.MLF. in quadrature with the current e
o 1

i current
is called the effective reactance of the circuit.
And the quantity,

=7‘l

- Vrl2 =t x12)
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or in symbolic representation,
Zy=n—jx
is the impedance of the circuit.

If power is consumed in the circuit only by the ohmic
resistance 7, and counter E.M.F. produced only by self-
induction, the effective resistance 7, is the true or ohmic
resistance 7, and the effective reactance z, is the true or self-
inductive reactance .

By means of the terms, effective resistance, effective
reactance, and impedance, Ohm’s Law can be expressed in
alternating circuits in the form,

e e
e e ]
5 ARt x
or, e =iz = NP+ x7;
e
or, 5= VNrl4 x2= ;.;
or in symbolic or vector representation :
£ £
_[: _— = L
Zy, rn—jx
or, E=1Z=](r,—jx);
or, .
L= r, — jx, = ==
1 LT S

In this latter form Ohm’s Law expresses not only the
intensity but also the phase relation of the quantities.
It 1s,
e, = i7; = energy component of E.M.F.,
€, = ix; = wattless component of E.M.F.

Instead of the term impedancez=2 with its components
Z

the resistance and reactance, its reciprocal can be introduced
Al
7

4

b

N | -

which is called the admittance.
The components of the admittance are called the conduc-
tance and susceptance.
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Resolving the current ¢ into an energy component 7, in
phase with the E.M.F. and a wattless component z, in quad-
rature with the E.M.F., the quantity

74, _ energy current, or current in phase with E.M.F., Lyl
3 E.M.F. e
is called the conductance.

The quantity,

2

i EM.F.

is called the susceptance of the circuit.
The conductance represents the current in phase with

the E.M.F. or energy current, the susceptance the current

in quadrature with the E.M.F. or wattless current.
Conductance g and susceptance & combined give the

admittance

wattless current, or current in quadrature with EM.F.,, B

y=Ng'+ ¥
or in symbolic or vector representation :

Ohm’s Law can thus also be written in the form:

i=ey=eNg+V;
"or, Z 7

= —"=————
: Yy NP+ P
or, z,

R HL

or, in symbolic or vector representation,
I=EY=E(g+/0);

or, ; it I R
oA
? Y g4jb
or. Y 7
’ V=g+jb= _E .
and, 4, = ¢g = energy component of current,

i,= eb = wattless component of current.

According to circumstances, sometimes the use of the.
terms impedance, resistance, reactance, sometimes the use
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of the terms admittance, conductance, susceptance, is more
convenient,

Since, in a number of series connected circuits, the total
E.M.F,, in symbolic representation, is the sum of the indi-
vidual E.M.F.’s, it follows :

“In a number of series-connected circuits, the total im-
pedance, in symbolic expression, is the sum of the impedances
of the individual circuits connected in series.”

Since in a number of parallel connected circuits the total
current, in symbolic representation, is the sum of the indi-
vidual currents, it follows :

“In a number of parallel connected circuits, the total
.admittance, in symbolic expression, is the sum of the admit-
tances of the individual circuits connected in parallel.”

Thus in series connection the use of the term impedance,
in parallel connection the use of the term admittance, is
generally more convenient.

Since in symbolic representation,

el

Y= 27

or, ‘ ZY =1;
that is, (r—sx)(g+0)=1;

It follows that,
(rg + %) + 7 (76 — xg) =1;
that is, rg + ab=1,

76 — xg = 0.

Thus,

03

£ — ziér-»'/
L O
2 a4
el oy b
o 7 __7'
= Ay 2T
% i
e o o
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or absolute,

L
y_z’
zy:l:

(429 (g + #) =1,

Thereby the admittance with its components, the con-
ductance and susceptance, can be calculated from the
impedance and its components, the resistance and reactance,
and inversely.

If r=0, z2=7randg =£ that is, g is the reciprocal of
=

the resistance in a noninductive circuit, not so, however, in
an inductive circuit.

EXAMPLES.

(1.) In a quarter-phase induction motor, at EM.F. ¢=
110 impressed per phase, the current is, /,=7, +;77, =100
+ 100, at standstill, the torque = 7,

The two phases are connected in series in a single-phase
circuit of E.M.F. ¢ = 220, and one phase shunted by a con-
denser of 1 ohm capacity reactance.

What is the starting torque 7 of the motor under these
conditions, compared with 7|, the torque on a quarter-phase
circuit, and what the relative torque per volt-ampere input, if
the torque is proportional to the product of the E.M.F.’s
impressed upon the two circuits and the sine of the angle
of phase displacement between them ? i

In the quarter-phase motor the torque is,

7y = aé® = 12,100 q,
where « is a constant. The volt-ampere input is,
Q= 2e Vit + 22 = 31,200,

hence, the ‘“apparent torque efficiency,” or torque per volt-
ampere input,

N

fy= 0= .388a.
2 0

]
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Thus, their phases are:

50.4
tan 0w = — BTS— = — .30; hence, W =~ 210;
s 50.4
tan o’ =+ o =4.579; hence, o’ =4 30°%

and the phase difference,
AT O JESRR L
The absolute values of these E.M.F.’s are,
6= V1328 + 5042 = 141.5,
¢ = N87.22 —504% = 100.7;
thus, the torque,

7 = aeé sin o

=111004;
thus, the apparent torque efficiency,
711,100«
=] a m =3

Hence it is, compared with the quarter-phase mctor,
Relative torque,
<ol e
7, 121004
Relative torque per volt-ampere, or relative apparent torque
efficiency, :

? 39a
70 = gpe—= 1.005.

(2). At constant field excitation, corresponding to a
nominal induced E.M.F. ¢, =12,000, a generator of synchro-
rous impedance Z,= 7, — jx,=.6—060 feeds over a transmis-
sion line of impedance 2, = 7, — jx; = 12-18;, and of capacity
susceptance .003, a noninductive receiving circuit. How
will the voltage at the receiving end, ¢, and the voltage at
the generator terminals ¢, vary with the load, if the line
capacity is represented by a condenser shunted across the
middle of the line?
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Substituting different values for 7, gives,

7 e. €1 3 025 4.

0 15,133 14,700 100 10,050 11,100
25 14,488 14,400 125 7,188 8,800
50 13,525 13,800 150 2,326 4,840
75 12,063 12,730 155.6 0 3.327

which values are plotted in Fig. 34.
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Fig. 34.

18. EQUIVALENT SINE WAVES.

In the preceding chapters, alternating waves have been
assumed and considered as sine waves.

The general alternating wave is, however, never com-
pletely, frequently not even approximately a sine wave. -

A sine wave having the same effective value, that is, the
same square root of mean squares of instantaneous values,
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as a general alternating wave, is called its corresponding
“equivalent sine wave.” It represents the same effect as
the general wave.

With two alternating waves of different shapes, the phase
relation or angle of lag is indefinite. Their equivalent sine
waves, however, have a definite phase relation, that which
gives the same effect as the general wave, that is, the same
mean (¢z).

Hence if ¢=E.M.F. and 7= current of a general alter-
nating wave, their equivalent sine waves are defined by,

¢y = Vmean (&),
i, = “/mean (2%,
and the power is,
Lo = €4y COS 7, = mean (7).

Thus,

mean (¢7)

“/mean (&) Vmean (%) .

COS €4ly =

Since by definition the equivalent sine waves of the
general alternating waves have the same effective value or
intensity and the same power or effect, it follows, that in re-
gard to intensity and effect the general alternating waves
can be represented by their equivalent sine waves.

Considering in the preceding the alternating currents as
equivalent sine waves representing general alternating waves,
the investigation becomes applicable to any alternating cir-
cuit irrespective of the wave shape.

The use of the terms reactance, impedance, etc., implies
that a wave is a sine wave or represented by an equivalent
sine wave.

Practically all measuring instruments of alternating waves
(with exception of instantaneous methods) as ammeters,
voltmeters, wattmeters, etc., give not general alternating
waves, but their corresponding equivalent sine waves.
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EXAMPLES.

In a 25-cycle alternating current transformer, at 1000
volts primary impressed E.M.F., of a wave shape as shown
in Fig. 35 and Table I., the number of primary turns is 500,
the length of the magnetic circuit 50 cm, and its section
shall be chosen so as to give a maximum density & =15,000.

At this density the hysteretic cycle is as shown in Fig.
36 and Table II.

What is the shape of current wave, and what the equiva-
lent sine waves of E.M.F., magnetism, and current ?

The calculation is carried out in attached table.

Fig. 35.

In column (1) are given the degrees, in column (2) the
relative values of instantaneous E.M.F.’s, ¢ corresponding
thereto, as taken from Fig. 85.

Column (3) gives the squaresof ¢. Their sum is 24,939,

24'19839 =1885.5, and the effective

thus the mean square,

value,
/= V1385.5 = 37.22.

Since the efective value of impressed E.M.F.is= 1,000,
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_ 000 B
the instantaneous values are ¢, =¢ 3’7{7)7) , as given in
column (4).
TABLE II.
s ®
0 + 8,000
2 +10,400 — 2,500
4 +11,700 + 5,800
6 +12,400 + 9,300
8 + 13,000 + 11,200
10 + 13,500 + 12,400
12 + 13,900 + 13,200
14 + 14,200 + 13,800
16 + 14,500 + 14,300
18 + 14,800 + 14,700
20 + 15,000
B
14_(!‘_00 | T
o | AT 1A
1 //
/
8000 /
o
2QOJ f= Ampere Tarns per cm. Length
[
—20 8 16 —14 —I12 10 —8 —¢ — 210 L 10 12 14 16 18 20

.
f—
I
20

—
|
>~

o~
!

N
18 T=~

// 110000
// ,/ -uoloo
" I~
1+ 1o
]
Fig. 36. =

These values added give column (5), the integral of ¢

14’2648-2 7,324, the relative

instantaneous values of magnetic induction ®% in column (6).

and herefrom, by subtracting
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and the effective value of exciting current, = V1.436 =

1.198 amps.

Column (12) gives the instantaneous values of power,
p=1te,, Their sum is 4,766, thus the mean power, 2’ ——-4’17“866
= 264.8.

Since,

P = ¢/ cos o,

where ¢, and 7" are the equivalent sine waves of E.M.F. and

Fig. 88.

of current respectively, and o their phase displacement, sub-
stituting these numerical values of /s €, and 7, we have

264.8 = 1,000 X 1.198 cos w;

hence,
cos o = .2365,

o = 76.3°%
and the angle of h¥steretic advance of phase,
o= 90° — w=13.7°
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SPECIAL APPARATUS.

4

INTRODUCTION.

By the direction of the energy transmitted, electric
machines have been divided into generators and motors. By
the character of the electric power they have been dis-
tinguished as direct current and as alternating current
apparatus.

With the advance of electrical engineering, however,
these sub-divisions have become unsatisfactory and insuf-
ficient. '

The division into generators and motors is not based on
any characteristic feature of the apparatus, and is thus not
rational. Practically any electric generator can be used as
motor, and conversely, and frequently one and the same ma-
chine is used for either purpose. Where a difference is made
in the construction, it is either only quantitative, as, for
instance, in synchronous motors a much higher armature re-
action is used than in synchronous generators, or it is in
minor features, as direct current motors usually have only
one field winding, either shunt or series, while in generators
frequently a compound field is employed. Furthermore,
apparatus have been introduced which are neither motors
nor generators, as the synchronous machine producing watt-
less lagging or leading current, etc., and the different types
of converters. :

The sub-division into direct current and alternating cur-

121
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rent apparatus is unsatisfactory, since it includes in the same
class apparatus of entirely different character, as the induc-
tion motor and the alternating current generator, or the
constant potential commutating machine, and the rectifying
arc light machine.

Thus the following classification, based on the charac-
teristic features of the apparatus, has been adopted by the
A. I. E. E. Standardizing Committee, and is used in the fol-
lowing discussion. It refers only to the apparatus trans-
forming between electric and electric, and between electric
and mechanical power. _

Ist.  Commutating machines, consisting of a uni-direc-
tional magnetic field and a closed coil armature, connected
with a multi-segmental commutator.

2d.  Synchronons machines, consisting of a uni-direc-
tional magnetic field and an armature revolving relatively to
the magnetic field at a velocity synchronous with the fre-
quency of the alternating current circuit connected thereto.

38d. Rectifying apparatus; that is, apparatus reversing
the direction of an alternating current synchronously with
the frequency. ,

4th.  Induction machines, consisting of an alternating
magnetic circuit or circuits interlinked with two electric cir-
cuits or sets of circuits, moving with regard to each other.

Eth.  Stationary Induction apparatus, consisting of a
magnetic circuit interlinked with one or more electric
circuits.

6th. Electrostatic and electrolytic apparatus, as con-
densers and polarization cells.

Apparatus changing from one to a different form of
electric energy have been defined as :

A. — Transformers, when using magnetism, and as

B. — Converters, when using mechanical momentum as
intermediary form of energy. :

The transformers as a rule are stationary, the converters
rotary apparatus.  Motor-generators. transforming from
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electrical over mechanical to electric power by two separate
machines, and dynamotors, in which these two machines are
combined in the same structure, are not included under con-
verters.

1. Commutating machines as generators are 'usually built
to produce constant potential for railway, incandescent light-
ing, and general distribution. ~ Only rarely they are designed
for approximately constant power for electro-metallurgical
work, or approximately constant current for series incan-
descent or arc lighting. As mofors commutating machines
give approximately constant speed, — shunt motors, — or
large starting torque, — series motors.

When inserted in series in a circuit, and controlled so as
to give an E.M.F. varying with the conditions of load on the
system these machines are ‘/Zoesters,” and are generators
when raising the voltage, and motcrs when lowering it.

Commutating machines may be used as direct current
converters by transforming power from one side to the other
side of a three-wire system.

2. While in commutating machines the magnetic field
is almost always stationary and the armature rotating,
synchronous machines are built with stationary field and re-
volving armature, or with stationary armature and revolving
field, or inductor machines with stationary armature and
stationary field winding, but revolving magnetic circuit.

By the number and character of the alternating circuits
connected to them they are single-phase or polyphase ma-
chines. As generators they comprise practically all single-
phase and polyphase alternating current generators, as
motors a very important class of apparatus, the sync/hronous
motors, which are usually preferred for large powers,
especially where frequent starting and considerable starting
torque are not needed. Synchronous machines may be used
as compensators to produce wattless current, leading by over-
excitation, lagging by under-excitation, or may be used as
phase converters by operating a polyphase synchronous
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motor by one pair of terminals from a single-phase circuit.
The most important class of converters, however, are the
synchronous commutating machines, to which, therefore, a
special chapter will be devoted in the following.

Synchronous commutating machines contain a uni-direc-
tional magnetic field and a closed circuit armature connected
simultaneously to a segmental direct current commutator
and by collector rings to an alternating circuit, mostly a
polyphase system. These machines thus can either receive
alternating and yield direct current power as synchronous
converters, or simply “converters,” or receive direct and yield
alternating current power as inwverted converters, or driven
by mechanical power yield alternating and direct current as
double current generators. Or they can combine motor and
generator action with their converter action. Thus a com-
mon combination is a synchronous converter supplying a
certain amount of mechanical power as synchronous motor.

8. Rectifying Mackines are apparatus which by a syn-
chronously revolving rectifying commutator send the succes-
sive half waves of an alternating single-phase or polyphase
circuit in the same direction into the receiving circuit. The
most important class of such apparatus are the oper coil
arc light machines, which generate the rectified EM.F. at
approximately constant current, in a star-connected three-
phase armature in the Thomson-Houston, as quarter-phase
E.M.F. in the Brush arc-light machine.

4. Induction wmachines are generally used as muotors,
polyphase or single-phase.” In this case they run at practi-
cally constant speed, slowing down slightly with increasing
load. As generators the frequency of the E.M.F. supplied
by them differs from and is lower than the frequency of
rotation, but their operation depends upon the phase rela-
tion of the external circuit. As plase converters induction
machines can be used in the same manner as synchronous
machines. Their most important use besides as motors is,
however, as frequency converters, by changing from an im-
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pressed primary polyphase system to a secondary polyphase
system or different frequency. In this case when lowering
the frequency, mechanical energy is also produced; when
raising the frequency, mechanical energy is consumed.

5. The most important stationary induction apparatus is
the transformer, consisting of two electric circuits interlinked
with the same magnetic circuit. When using the same or
part of the same electric circuit for primary and secondary,
the transformer is called a compensator or auto-transformer.
When inserted in series into an alternating circuit, and
arranged to vary the E.M.F., the transformer is called
potential regulator or booster. The variation of secondary
E.M.F. may be secured by varying the relative number of
primary and secondary turns, or by varying the mutual
induction between primary and secondary circuit, either
electrically or magnetically. The stationary induction appa-
ratus with one electric circuit are used for producing wattless
lagging currents, as reactive or choking coils.

6. Condensers and polarization cells produce wattless
leading currents, the latter, however, at a very low effi-
ciency, while the efficiency of the condenser is extremely
high, frequently above 999 ; that is, the loss of energy is less
than 19, of the apparent volt-ampere input.

To this classification may be added the wni-polar, or,
more correctly, non-polar machine, in which a conductor
cuts a magnetic field at a uniform rate. Thus far these
machines do not appear of any practical value.

Regarding apparatus transforming between electric energy
and forms of energy differing from electric or mechanical
energy: The transformation between electrical and chemical
energy is represented by the primary and secondary battery
and the electrolytic cell. =~ The transformation between elec-
trical and heat energy by the thermopile, and the electric
heater or electric furnace. The transformation between
electrical and light energy by the incandescent and arc
lamps.
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A, SYNCHRONOUS MACHINES.
I. General.

THE most important class of alternating current appa-
ratus consists of the synchronous machines. They com-
prise the alternating current generators, single-phase and
polyphase, the synchronous motors, the phase cémpensators
and the exciters of induction generators, that is, synchronous
machines producing wattless lagging or leading currents,
and the converters. Since the latter ccmbine features of
the commutating’ machines with those cf the synchronous
machines they will be considered separately. ‘

In the synchronous machines the terminal voltage and
the induced E.M.F. are in synchronism with, that is, of the
same frequency as, the speed of rotation.

These machines consist of an armature, in which E.M.F.
is induced Ly the rotation relatively to a magnetic field, and
a continuous magnetic field, excited either by direct current,
or by the reaction of displaced phase armature currents, or
by permanent magnetism.

. The formula of induction of synchronous machines, or
commonly called alternators, is,

= V2 rNnd® = 4.44 Nand,

where 7 is the number of armature turns in series interlinked
with the magnetic flux @ (in ml. per pole), and /V the fre-
quency of rotation (in hundreds cf cycles per sec.), Z the
E.M.F. induced in the armature turns.
This formula assumes a sine wave of EM.F. If the
E.M.F. wave differs from sine shape, the E.M.F, is
E =444 yNng,
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where y= form factor of the wave, or 2—;/—% times ratio of
effective to mean value of wave.

The form factor y depends upon the wave shape of the
induced E.M.F. The wave shape of E.M.F. induced in
a single conductor on the armature surface is identical with
that of the distribution of magnetic flux at the armature
surface and will be discussed more fully in the chapter cn
Commutating Machines. The wave of total E.M.F. is the
sum of the waves of IL.M.F. in the individual conductors,
added in their propcr phase relation, as corresponding to
their relative positions on the armature surface.

In a ¥V or star-connected three-phase machine, if £, =
E.M.F. per circuit, cr ¥ or star EM.F, E=ZF,V3 is
the E.M.F. between terminals or A cr ring E.M.F,, since
two E.M.F.’s displaced by 60° are connected in series be-
tween terminals (V3 = 2 cos 60°).

In a A-connected three-phase machine, the E.M.F. per
circuit is the E.M.F. between the terminals, or A E.M.F.

In a Y-connected three-phase machine, the current per
circuit is the current issuing from each terminal, cr the line
current, or Y current.

In a A-connected three-phase machine, if 7,= current per
circuit, or A current, the current issuing from each terminal,
or the line or Y current, is

]=[o’\/§.

Thus in a three-phase system, A current and E.M.F,,
and Y current and IL.M.F. (or ring and star current and
E.M.F. respectively), are to be distinguished. They stand
in the proportion: 1 + 3. -

As a rule, when speaking of current and of E.M.F in a
three-phase system, under current the ¥ current or current
per line, and under E.M.F. the /‘_‘ E.M.F. or EM.F.
between lines is understood.
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II. E.M.F.s.

In a synchronous machine we have to distinguish be-
tween terminal voltage Z, real induced E.M.F. £, virtual
induced E.M.F. £, and nominal induced E.M.F. £

The real induced E.M.F. £, is the E.M.F. induced in
the alternator armature turns by the resultant magnetic
flux, or magnetic flux interlinked with them, that is, by the
magnetic flux passing through the armature core. It is
equal to the terminal voltage plus the E.M.F. consumed by
the resistance of the armature, these two E.M.F.’s being
taken in their proper phase relation,

Ei=F + I,

where / = current in armature, » = effective resistance.

The virtual induced E.M.F. £, is the E.M.F. which
would be induced by the flux produced by the field poles, or
flux corresponding to the resultant M.M.F,, that is, the resul-
tant of the M.M.F.’s of field excitation and of armature
reaction. Since the magnetic flux produced by the arma-
ture, or flux of armature self-induction, combines with the:
field flux to the resultant flux, the flux produced by the field
poles does not pass through the armature completely, and
the virtual E.M.F. and the real induced E.M.F. differ from
each other by the E.M.F. of armature self-induction; but
the virtual induced E.M.F., as well as the E.M.F. induced in
the armature by self-induction, have no real and independent
existence, but are merely fictitious components of the real
or resultant induced E.M.F. £,.

The virtual induced E.M.F. is,

Ey,=E, + I,
where x is the self-inductive armature reactance, and the
E.M.F. consumed by self-induction Zr, is to be combined
with the real induced E.M.F. £, in the proper phase relation.

The nominal induced EM.F. £ is the E.M.F. which
would be induced by the field excitation if there were neither
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self-induction nor armature reaction, and the saturation were
the same as corresponds to the real induced E.M.F. It
thus does not correspond to any magnetic flux, and has no
existence at all, but is merely a fictitious quantity, which,
however, is very useful for the investigation of alternators
by allowing the combination of armature reaction and self-
induction into a single effect, by a (fictitious) self-induction
or synchronous reactance x,. The nominal induced E.M.F.
would be the terminal voltage at open circuit and full load
excitation if the saturation curve were a straight line.

The synchronous reactance x, is thus a quantity com-
bining armature reaction and self-induction of the alternator.
It is the only quantity which can easily be determined by
experiment, by running the alternator on short circuit with
excited field. If in this case 7, = current, I, = loss of power
in the armature coils, £, = E.M.F. corresponding to the field

e S : .
excitation at open circuit ; 7" = z,1s the synchronous im-
0

—]—2-0 =7, is the effective resistance (ohmic resistance
0 o
plus load losses), and z,= Vz? — 7;? the synchronous re-

pedance

actance.
In this feature lies the importance of theé term *nominal

induced EM.F.” £:

Ey=FE, + Ix,
these terms being combined in their proper phase relation.
In a polyphase machine, these considerations apply to each
of the machine circuits individually.

ITII. Armature Reaction.

The magnetic flux in the field of an alternator under
load is produced by the resuitant M.M.F. of the field excit-
ing current and of the armature current. It depends upon
the phase relation of the armature current. The E.M.F.
induced by the field exciting current or the nominal in
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~.

duced E.M.F. reaches a maximum when the armature coil
faces the position midway between the field poles, as shown
in Fig. 39, 4 and 4’. Thus, if the armature current is in

A
2 L l ]
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Fig. 89.

phase with the nominal induced E.M.F., it reaches its maxi-
mum. in the same position 4, A’ of armature coil as the
nominal induced E.M.F., and thus magnetizes the preceding,
demagnetizes the following magnet pole (in the direction of
rotation) in an alternating current generator 4 ; magnetizes
the following and demagnetizes the preceding magnet pole
n a synchronous motor, 4’ (sincein a generator the rotation
is against, in a synchronous motor with the magnetic
attractions and repulsions between field and armature). In
this case the armature current neither magnetizes nor
demagnetizes the field as a whole, but magnetizes the one
side, demagnetizes the other side of each field pole, and thus
merely distorts the magnetic fiel®

If the armature current lags behind the nominal induced
E.M.F,, it reaches its maximum in a position where the
armature coil already faces the next magnetic pole, as shown
in Fig. 89, B and 7, and thus demagnetizes the field in a
generator, 5, magnetizes it in a synchronous motor, 5,
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If the armature current leads the nominal induced
E.M.F, it reaches its maximum in an earlier position, while
the armature coil still partly faces the preceding magnet
pole, as shown in Fig. 39, C and (’, and thus magnetizes the

field in a generator, Fig. 39, (, and demagnetizes it in a

synchronous motor, C'.
With non-inductive load, or with the current in phase
with the terminal voltage of an alternating current generator,
the current lags behind the nominal induced E.M.F., due to
armature reaction and self-induction, and thus partly
demagnetizes ; that is, the voltage is lower under load than
at no load with the same field excitation. That is, lagging
current demagnetizes, leading current magnetizes, the field
of an alternating current generator, while the opposite is the

case with a synchronous motor.
In Fig. 40 let OF = § = resultant M.M.F. of field excita-
tion and armature current (the M.M.F. of the field excitation

being alternating also with
regard to the armature
coil, due to its rotation)
and o, the lag of the cur-
rent / behind the virtual
E.M.F. £, induced by the
f

resultant M.M.F,
The virtual EM.F. £,

lags 90° behind the re-
sultant flux of OF, and is
thus represented by OFE,
in Fig. 40,and the M.M.F.
of the armature current
/by Of, lagging by anglé
v, behind OF,  The re- [~
sultant M.M.F. OF is the &
Fig. 40.
gram with the component M.M.F’s Of = armature M.M.F.

7

diagonal of the parallelo-
and OF, = total impressed E.M.F. or field excitation, as
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sides, and from this construction O, is found. O%F, is thus
the position of the field pole with regard to the armature.
It is trigonometrically,
Fo= VF2+ 24 25/ sin o,

If 7= current per armature turn in amperes effective,
7 = number of turns per pole in a single-phase alternator,
the armature reaction is /' = » / ampere turns effective, and
is pulsating between zero and 7z /7 V2.

In a quarter-phase alternator with 7 turns per pole, and
phase in series and / amperes effective per turn, the arma-
ture reaction per phase is 72 / ampere turns effective, and
n I N2 ampere turns maximum. The two phases magnetize
in quadrature, in phase, and in space. Thus at the time #
corresponding to angle ¢ after the maximum of the first
phase, the M.M.F. in the direction by angle ¢ behind the
direction of the magnetization of the first phase is 7/ V2 cos?
¢. The M.M.F. of the second phase is 7 [V§ sin® ¢, thus
the total M.M.F. or the armature reaction f = 2/ V2, and is
constant in intensity, but revolves synchronously with regard
to the armature ; that is, it is stationary with regard to the
field. '

In a three-phaser of 7 turns in series per pole, and phase
and / amperes effective per turn, the M.M.F. of each phase
is 22/ V2 ampere turns maximum, thus at angle ¢ in position
and angle ¢ in time behind the maximum of one phase;

the M.M.F. of this phase is, 3

nZI N2 cos? &.
The M.M.F. of the second phase is,
nI N2 cos? (¢ + 120) = n7 2 (—.5 cos ¢ —.5 V3 sin ¢)*.
The M.M.F. bf the third phase is, \
nZ N2 cos? (¢ + 240) = nI N2 (—.5cos ¢ +.5 V3sin )%
Thus the total M.M.F. or armature reaction,

f=nI\2Z (cos? ¢ +.25 cos? +.75 sin? +.25 cos? ¢+.75 sin’ep)
= 1.571[\/:),
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constant in intensity, but revolving synchronously with
regard to the armature, that is, stationary with regard to the
field. These values of armature re':action correspond strictly
only to the case where all conductors of the same phase are
massed together in one slot. If the conductors of each phase
are distributed over a greater part of the armature surface,
the values of armature reaction have to be multiplied by the
average cosine of the total angle of spread of each phase.

IV. Self-Induction.

The effect of self-induction is similar to that of armature
reaction, and depends upon the phase relation in the same
manner.

If E,= real induced voltage, »,= lag of current behind
induced voltage £, the magnetic flux produced by the arma-
ture current /7 is in phase with the current, and thus the
counter E.M.F. of self-induction in quadrature behind the
current, and therefore the E.M.F. consumed by self-induction
in quadrature ahead of the current. Thus in Fig. 41, de-
noting £0, = E, the induced
E.M.F., the current is, O/ =/, '
lagging o, behind OF,,the E.M.F.
consumed by selfinduction

OE/", 90° ahead of the current, ¢ ) E

and the virtual induced E.M.F. Y

E,, the resultant OF, and OE,”. X
As seen, the diagram of E.M.F.’s EY E.

1 ] P g Fig. 41.
of self-induction is similar to 17

the diagram of M.M.F.’s of armature reaction.
From this diagram we get the effect of load and phase
relation upon the E.M.F. of an alternating current generator.

Let £ = terminal voltage per machine circuit,
{4 = current per machine circuit,
and o = lag of current behind terminal voltage.
Let » = resistance,
x = reactance of alternator armature.
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Then, in the polar diagram, Fig. 42,
OF = E, the terminal voltage, assumed as zero vector.
O7 = 7, the current, lagging by angle £07 = o.

‘The E.M.F. con-
sumed by resistance
is,

OE/ = Ir in phase
with OZ.

The E.M.F. con-
sumed by react-
ance,

OF,) = Ix, 90°
ahead of O7.

The real llduced E.M.F. is found by
combining OF and OZ;' to,

OFE,=FE,.

The virtual induced E.M.F. is OZF,
and OF, combined to

7, OF,= E,
The M.M.F. required to produce this E.M.F. £, is OF
=&, 90° ahead of OF, It is the resultant of armature

O] Sy 2 S
7 i
‘ 4
L
y
%
el
2 V4 E
I,’ -
I”
S
/I,
o YCO
'/’ QJ’OO
AR A
& &
Fig. 43.

M.M.F. or armature reaction, and of ‘ impressed M.M.F. or
field excitation. The armature M.M.F. is in phase with the
current /, and is 2/ in a single-phaser, V2 7 in a quarter-
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phaser, 1.5 V2 7/ in a three-phaser, if # = number of arma-
ture turns per pole and phase. The M.M.F. of armature
reaction is represented in the diagram by Of = fin phase
with O7, and the impressed M.M.F. or field excitation Cs,
= J, is the side of a parallelogram with (& as diagonal and
Of as other side. Or the M.M.F. consumed by armature
reaction is represented by Of'=f in opposition to OF.
Combining Of’ and OF gives CF,= §, the field excitation.

Fig. 45,
Fig. 44.

- In Figs. 43, 44, 45 are drawn the diagrams
for w = zero or non-inductive load, o = 60° or
60° lag (inductive load of power factor .50), and
o= — 60° or 60° lead (anti-inductive load of
power factor .50).

As seen, with the same terminal voltage £,
with inductive load a much higher, with anti-
inductive load a lower, field excitation & is re-
quired than with non-inductive load. At open
circuit the field excitation required to produce

A
terminal voltage Z would be 1_“5: F o Or less than the field
=

excitation §, with non-inductive load.

Inversely, at constant field excitation, the voltage of an
alternator drops at non-inductive load, drops much more with
inductive load, and drops less, or even rises, with anti-

inductive load.



136 ELECTRICAL ENGINEERING.

V. Synchronous Reactance.

In general, both effects, armature self-induction and
armature reaction, can be combined by the term ¢synchro-
nous reactance.”

Let » = effective resistance,
x, = synchronous reactance of armature, as discussed in

section II.
Let £ = terminal voltage,
[/ = current,

o = angle of lag of current behind terminal voltage.

l

m
g
m\
m

L

Fig. 46. Fig. 47.

It is in polar diagram, Fig. 46.

OF = E = terminal voltage assumed as zero vector.
OI = I = current lagging by angle £O/ = o behind the ter-
minal voltage.

OFE/= Ir is the E.M.F. consumed by resistance, in
phase with O7, and OE, = Iz, the EM.F. consumed by the
synchronous reactance, 90° ahead of the current Ol

OFE/ and OF, combined give OE’= E’ the E.M.F.
consumed by the synchronous impedance.

Combining OE/, OE/, OF gives the nominal induced
E.M.F. OE,= E,, corresponding to the field excitation &,

In Figs. 47, 48, 49, are shown the diagrams for v = O or
non-inductive load, » = 60° lag or inductive load, and o =
— 60° or anti-inductive load.

Resolving all EIM.F.’s in components in phase and in
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Py =i (Ep+-ir),

that is, current times energy component of nominal induced
E.M.F., or, what is the same, current times energy component
of real induced E.M.F.

o
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terminal voltage ZZ with the current / as abscissae and for
the same resistance and synchronous reactance » =.1, »,= 5,
for the three different conditions :
1). Non-inductive load, p =1, ¢ =0, £,=1,127.
2). Inductive load of 60° lag,
p=.5, ¢=.866, E,=1458.
3). Anti-inductive load of 60° lead,
2=.5, g=—.8606, £,= 628.

The values of £, (and thus of ;) are assumed so as to
give £ =1000 at /= 100. These curves are called the
«Field Characteristics ” of the alternator, or the ¢ Regula-
tion Curves ” of the synchronous generator.
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In Fig. 52 are shown the “Load Curves” of the ma-
chine, with the current / as abscissae and the watts output
as ordinates corresponding to the same three conditions as
Fig. 51. From the field characteristics of the alternator
are derived the open-circuit voltage of 1127 at full non-
inductive load excitation,= 1.127 times full load voltage;
the short-circuit current 225 at full non-inductive load exci-
tation,= 2.25 times full-load current; and the maximum out-
put, 124 K, W,  at full non-inductive load excitation, = 1.24
times rated output, at voltage 775 and current 160 amperes.
On the point of the field characteristic on which the alter-
nator works depends whether it tends to regulate for, that
is, maintain, constant voltage, or constant current, or con-
stant power.

VII. Synchronous Motor.

As seen in the preceding, in an alternating current
generator the field excitation required for a given terminal
voltage and current depends upon the phase relation of the
external circuit or the load. Inversely in a synchronous
‘motor, the phase relation of the current
flowing into the armature at a given
terminal voltage depends upon the field
excitation and the load.

Thus, if £ = terminal voltage or
impressed E.M.F., / = current, o = lag
of current behind impressed E.M.F. in
a synchronous motor of resistance 7
and synchronous reactance x,, the polar &
diagram is as follows, Fig. 53. : e

OE = E is the terminal voltage assumed as zero vector,
The current O7 = 7 lags by angle 0/ = w.

The E.M.F. consumed by resistance, is OL’,= 7~ The
E.M.F. consumed by synchronous reactance, OF, = Iz,
Thus, combining OZ, and OF, gives OF’, the E.M.F. con-

sumed by the synchronous impedance. The E.M.F. con-
t
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sumed by the synchronous impedance OZ’, and the E.M.F.
consumed by the nominal induced or counter E.M.F. of the
synchronous motor OZ, combined, give the impressed
E.M.F. OE. Hence OF, is one side of a parallelogram,
with OE, as the other side, and OF as diagonal. OF,, equal
and opposite OF, would thus be the nominal counter
E.M.F. of the synchronous motor.

In Figs. 54, 55, 56, are shown the polar diagrams of
the synchronous motor for @ = 0°, 0 = 60°, ® = — 60°. As

Fig. 56.

seen, the field excitation has to be higher with leading,
lower with lagging current in a synchronous motor, while
the opposite is the case in an alternating current generator.
In symbolic representation, by resolving all E.M.F.'s in
energy components in phase with the current and wattless
components in quadrature with the current 7, we have,
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with the current 7 as abscissae, for the constants,

o — 5; £ = 1,000,
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These curves are called the ¢ Compounding Curves of
the Synchronous Motor.”
In Fig. 58 are shown, with the power output Pl=:
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(Ep — ir)— (hysteresis and friction) as abscissae, and the same
constants » = .1, ,= 5, £ = 1000, and constant field excita-
tion &, ; that is, constant nominal induced or counter E.M.F.
E,=1109 (corresponding to p=1, =0 at /=100), the values

/ 140
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of current /7 and power factor p. As hysteresis loss is
assumed 3000 watts, as friction 2000 watts. Such curves
are called «“ Load Characteristics of the Synchronous Motor.”

In Fig. 59 are shown, with constant power output, 2 =
i (Ep — ir),and the same constants: »=.1, x,=5, £=1000,
and with the nominal induced voltage £, that is field excita-
tion &, as abscissae, the values of current 7, for the four con-
ditions :
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Fy =\ DKWk o A= 0, ornosead,

Fy= b0 KW, or 2 = 45 K.W,, or half load,
FPy= 95 KW, or 2= 90 K.W.,, or full load,

£y =140 KW, or 2 =135 K.W., or 1509 of load.

Such curves are called ¢« Phase Characteristics of the
Synchronous Motor.”
We have,
By =1 Fpi—r
Hence,

o e AR A ;
Ao 7 Sty bt B

Ey=N(Ep — ir} + (Eg — ix,).

Similar phase characteristics exist also for the synchron-
ous generator, but are of less interest. As seen, on each
of the four phase characteristics a certain field excitation
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E

gives minimum current, a lesser excitation gives lagging cur-
rent, a greater excitation leading current. The higher the
synchronous reactance &, and thus the armature reaction of
the synchronous motor, the flatter are the phase character-
istics ; that is, the less sensitive is the synchronous motor
for a change of field excitation or of impressed E.M.F.
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Thus a relatively high armature reaction is desirable in
a synchronous motor to secure stability ; that is, indepen-
dence of minor fluctuations of impressed voltage or of field
excitation. :

The theoretical maximum output of the synchronous
motor, or the load at which it drops out of step, at constant
impressed voltage and frequency is, even with very high
armature reaction, usually far beyond the heating limits of
the machine. The actual maximum output depends on the
drop of terminal voltage due to the increase of current, and
on the steadiness or uniformity of the imbressed frequency,
thus upon the individual conditions of operation, but is as a
rule far above full load.

Hence, by varying the field excitation of the synchronous
motor the current can be made leading or lagging at will,
and the synchronous motor thus offers the simplest means of

- producing out of phase or wattless currents for controlling
the voltage in transmission lines, compensating for wattless
currents of induction motors, etc. Synchronous machines
used merely for supplying wattless currents, that is, synchro-
nous motors or generators running light, with over excited
or under excited field, are called synchronous compensators.
They can be used as exciters for induction generators, as com-
pensators for the wattless lagging currents of induction
motors, etc. Sometimes they are called “ rotary condensers ”
or dynamic condensers when used only for producing leading
currents.

IX. Magnetic Characteristic or Saturation Curve.

The dependence of the induced E.M.F., or terminal volt-
age at open circuit upon the field excitation, is called the
« Magnetic Characteristic,” or “Saturation Curve,” of the
synchronous machine. It has the same general shape as
the curve of magnetic induction, consisting of a straight part
below saturation, a bend or knee, and a saturated part beyond
the knee. Generally the change from the unsaturated to the
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over saturated portion of the curve is more gradual, thus
the knee is less pronounced in the magnetic characteristic of
the synchronous machines, since the different parts of the
magnetic circuit approach saturation successively.

The dependence. of the terminal voltage upon the field
excitation, at constant full-load current flowing through the
armature into a non-inductive circuit, is called the ¢ Load
Saturation Curve” of the synchronous machine. It is a
curve approximately parallel to the no-load saturation curve,
but starting at a definite value of field excitation for zero
terminal voltage, the field excitation required to send full-
load current through the armature against its synchronous
impedance.- :

The ratio, aF F

dETE
is called the ‘Saturation Coefficient” of the machine. It
gives the ratio of the proportional change of field excitation
required for a change of voltage.

In Fig. 60 is shown the magnetic characteristic or
no-load saturation curve of a synchronous generator, the
load saturation curve and the no-load saturation coefficient,
assuming £ = 1000, 7 = 100 as full-load values.

In the preceding the characteristic curves of synchron-
ous machines were discussed under the assumption that the
saturation curve is a straight line ; that is, the synchronous
machines working below saturation.

The effect of saturation on the characteristic curves of
synchronous machines is as follows: The compounding
curve is impaired by saturation. That is, a greater change
of field excitation is required with changes of load. = Under
load the magnetic density in the armature corresponds to the
true induced E.M.F. %, the magnetic density in the field
to the virtual induced E.M,F, Z,. Both, especially the latter,
are higher than the no-load E,M,F, or terminal voltage £ in
the generator, and thus a greater increase of field excitation
is required in presence of saturation than in the absence
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thereof. In addition thereto, due to the counter M.M.F. of
the armature current, the fnagnetic stray field, that is, that
magnetic flux which leaks from field pole to field pole
through the air, increases under load, especially with induc-
tive load where the armature M.M.F. directly opposes the
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field, and thus a still further increase of density is required
in the field magnetic circuit under load. In consequence
thereof, at high saturation the load saturation curve differs
more from the no-load saturation curve than corresponds
to the synchronous inpedance of the machine.

The regulation becomes better by saturation; that is,
the increase of voltage from full load to no load at con-
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stant field excitation is reduced, the voltage being limited
by saturation. Owing to the greater difference of field ex-
citation between no load and full load in the case of magnetic
saturation, the improvement in regulation is somewhat
lessened however, or may in some circumstances be lost
altogether.

X. Efficiency and Losses.

Besides these curves the efficiency curves are of interest.
The efficiency of alternators and synchronous motors is
usually so high that a direct determination by measuring
the mechanical power and the electric power is less reliable
than the method of adding the losses, and the latter is
therefore commonly used.

The losses consist of,

Resistance loss in the armature or the induced member,

Resistance loss in the field,

Hysteresis and eddy current losses in the magnetic circuit,

Friction and windage losses,

And eventually load losses, that is, eddy currents or hyste-
resis due to the current flowing in the armature under
load.

The resistance loss in the armature is proportional to
the square of the current /.

The resistance loss in the field is proportional to the
square of the field excitation, that is, the square of the
nominal induced or counter E.M.F. £

The hysteresis loss is proportional to the 1.6th power cf
the real induced EM.F. £, = £+ /7.

The eddy current loss is usually proportional to the
square of the induced E.M.F. £,.

The friction and windage loss is constant.

The load losses vary more or less proportionally to the
square of the current in the armature, and should be small
with proper design. They can be represented by an « effec-
tive ” armature resistance.
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Assuming in the preceding instance,

A friction loss of 2000 watts,

A hysteresis loss of 3000 watts, at the induced E.M.F.
£, =1000;

A resistance loss in the field of 800 watts, at £, = 1000 ;

Load loss at full load of 600 watts.

The loss curves and efficiency curves are plotted in Fig.
61 for the generator with the current output at non-inductive
load or o = 0 as abscissae, and in Fig. 62 for the synchronous
motor, with the mechanical power output as abscissae.
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XI. Unbalancing of Polyphase Synchronous Machines.

The preceding discussion applies to polyphase as well as
single-phase machines. In polyphase machines the nominal
induced E.M.F.’s or nominal counter E.M.F.’s are neces-
sarily the same in all phases (or bear a constant relation to
each other). Thus in a polyphase generator, if the current
or the phase relation of the current is different in the
different branches, the terminal voltage must become different
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also, more or less. This is called the unbalancing of the
polyphase generator. It is due to different load or load of
different inductance factor in the different branches.
Inversely in a polyphase synchronous motor, if the
terminal voltages of the different branches are unequal, due
to an unbalancing of the polyphase circuit, the synchronous
motor takes more current or lagging current from the branch
of higher voltage, and thereby reduces its voltage, and takes

.
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less current or leading current®* from the branch of lower
voltage, or even returns current into this branch, and thus
raises its voltage. Hence a synchronous motor tends to
restore the balance of an unbalanced polyphase system ;
that is, it reduces the unbalancing of a polyphase circuit
caused by an unequal distribution or unequal phase relation
of the load on the different branches. To a less degree
the induction motor possesses the same property.

* Since with lower impressed voltage the current is leading, with higher impressed
voltage lagging, in a synchronous motor.
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XII. Starting of Synchronous Motors.

In starting, an essential difference exists between the
single-phase and the polyphase synchronous motor, in so far
as the former is not self-starting, but has to be brought to
complete synchronism, or in step with the generator, by ex-
ternal means before it can develop torque, while the poly-
phase synchronous motor starts from rest, and runs up to
synchronism with more or less torque.

In starting, the field excitation of the polyphase syn-
chronous motor must be zero or very low.

The starting torque is due to the magnetic attraction of
the armature currents upon the remanent magnetism left
in the field poles by the currents of the preceding phase, or
the eddy currents induced therein.

b

o’ i 3 W 2’

—
B

a
Fig. 63.

Let Fig. 63 represent the magnetic circuit of a poly-
phase synchronous motor. The M.M.F. of the polyphase
armature currents acting upon the successive projections or
teeth of the armature, 1, 2, 8, etc., reaches a maximum in
them successively. That is, the armature is the seat of a
M.M.F. rotating synchronously in the direction of the arrow
A. The magnetism induced in the face of the field pole
opposite to the armature projections lags behind the inducing
M.M.F. due to hysteresis and induced currents, and thus is
still remanent, while the M.M.F. of the projection 1 decreases,
and is attracted by the rising M.M.F. of projection 2, etc.,
or, in other words, while the maximum M.M.F. in the arma-
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ture has a position @, the maximum induced magnetism in
the field pole face still has the position 4, and is thus attracted
towards a, causing the field to revolve in the direction of
the arrow 4 (or with a stationary field, the armature to
revolve in the opposite direction 5).

Lamination of the field poles reduces the starting torque
caused by induced currents in the field poles, but increases
that caused by remanent magnetism or hysteresis, due to
the higher permeability of the field poles. Thus the torque
per volt ampere input is approximately the same in either
case, but with laminated poles the impressed voltage required
in starting is higher and the current lower than with solid
field poles. In either case at full impressed E.M.F., the start-
ing current of a synchronous motor is large, since in the
absence of a counter IE.M.F. the total impressed E.M.F. has
to be consumed by the impedance of the armature circuit.
Since the starting torque of the synchronous motor is due
to the magnetic flux induced by the alternating armature
currents or the armature reaction, synchronous motors of
high armature reaction are superior in starting torque.

XIII. Parallel Operation.

Any alternator can be operated in parallel, or synchronized
with any other alternator. A single-phaser can be synchro-
nized with one phase of a polyphaser, or .a quarter-phase
machine operated in parallel with a three-phase machine by
synchronizing one phase of the former with one phase of the
latter. Since alternators in parallel must be in step with
each other and have the same terminal voltage, the condition
of satisfactory parallel operation is that the frequency of
the machines is identically the same, and the field excitation
such as would give the same terminal voltage. If this is
not the case, cross currents will flow between the alternators
in a local circuit. That is, the alternators are not without
current at no load, and their currents under load are not of
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the same phase and proportional to their respective capa-
cities. The cross currents flowing between alternators
when operated in parallel can be wattless currents or energy
currents.

If the frequencies of two alternators are identically the
same, but the f{leld excitation not such as would give equal
terminal voltage when operated in parallel, a local current
flows between the two machines which is wattless and lead-
ing or magnetizing in the machine of lower field excitation,
lagging or demagnetizing in the machine of higher field
excitation. At load this wattless current is superimposed
upon the currents flowing from the machine into the external
circuit. In consequence thereof the current in the machine
of higher field excitation is lagging behind the current in the
external circuit, the current in the machine of lower field
excitation leads the current in the external circuit. The
currents in the two machines are thus out of phase with each
other, and their sum larger than the joint current, or current
in the external circuit. Since it is the armature reaction of
leading or lagging current which makes up the difference
between the impressed field excitation and the field excita-
tion required to give equal terminal voltage, it follows that
the lower the armature reaction, that is, the closer the regu-
Jation of the machines, the more sensitive they are for
inequalities or variations of field excitation. Thus, too low
armature reaction is undesirable for parallel operation.

With identical machines the changes in field excitation
required for changes of load must be the same. With mz-
chines of different compounding curves the changes of field
excitation for varying load must be different, and such as
correspond to their respective compounding curves, if watt-
less currents shall be avoided. With machines of reason-
able armature reaction the wattless cross currents are small,
even with relatively considerable inequality of field excita-
tion. Machines of high armature reaction have beea oper-
ated in parallel under circumstances where one machine
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was entirely without field excitation, while the other carried
twice its normal field excitation, with wattless currents,
however, of the same magnitude as full-load current.

X1IV. Division of Load in Parallel Operation.

Much more important than equality of terminal voltage
before synchronizing is equality of frequency. Inequality of
frequency, or rather a tendency to inequality of frequency
(since by necessity the machines hold each other in step
or at equal frequency), causes cross currents to flow which
transfer energy from the machine whose driving power tends
to accelerate to the machine whose driving power tends to
slow down; and thus relieves the latter, by increasing the load
on the former. Thus these cross currents are energy cur-
rents, and cause at no load or light load the one machine to
drive the other as synchronous motor, while under load the
result is that the machines do not share the load in propor-
tion to their respective capacities.

The speed of the prime mover, as steam engine or tur-
bine, changes with the load. The frequency of alternators
driven thereby must be the same when in parallel. Thus
their respective loads are such as to give the same speed of
the prime mover (or rather a speed corresponding to the
same frequency). Hence the division of load between alter-
nators connected to independent prime movers depends
almost exclusively upon the speed regulation of the prime
movers. To make alternators divide the load in propor-
tion to their capacities, the speed regulation of their prime
movers must be the same, that is, the engines or turbines
must drop in speed from no load to full load by the same
percentage and in the same manner.

If the regulation of the prime movers is not the same,
the load is not divided proportionally between the alternators,
but the alternator connected to the prime mover of closer
speed regulation takes more than its share of the load under
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heavy loads, or less under light loads. Thus, too close
speed regulation of prime movers is not desirable in parallel
operation of alternators.

XV. Fluctuating Cross Currents in Parallel Operation.

In alternators operated from independent prime movers,
it is not sufficient that the average frequency corresponding
to the average speed of the prime movers is the same, but
still more important that the frequency is the same at any
instant, that is, that the frequency (and thus the speed of the
prime mover) is constant. In rotary prime movers, as tur-
bines or electric motors, this is usually the case; but with
reciprocating machines, as steam engines, the torque and
thus the speed of rotation rises and falls periodically during
each revolution, with the frequency of the engine impulses.
The alternator connected with the engine will thus not have
uniform frequency, but a frequency which pulsates; that is,
rises and falls. The amplitude of this pulsation depends
upon the type of the engine, and the momentum of its fly-
wheel, and the action of the engine governor.

If two alternators directly connected to equal steam
engines are synchronized so that the moments of maximum
frequency coincide, no energy cross currents flow between
the machines, but the frequency of the whole system rises
and falls periodically. In this case the engines are said to
be synchronized. The parallel operation of the alternators
is satisfactory in this case provided that the pulsations of
engine speeds are of the same size and duration; but appa-
ratus requiring constant frequency as synchronous motors
and especially rotary converters, when operated from such a
system, will give a reduced maximum output due to periodic
cross currents flowing between the generators of fluctuating
frequency and the synchronous motors of constant frequency,
and in an extreme case the voltage of the whole system will
be caused to fluctuate periodically. Even with small fluctu-
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ations of engine speed the unsteadiness of current due to
this source is noticeable in synchronous motors and rotary
converters.

If the alternators happen to be synchronized in such a
position that the moment of maximum speed of the one
coincides with the moment of minimum speed of the other,
alternately the one and then the other alternator will run
ahead, and thus a pulsating energy cross current flow between
the alternators, transferring power from the leading to the
lagging machine, that is, alternately from the one to the
other, and inversely, with the frequency of the engine im-
pulses. These pulsating cross currents are the most undesir-
able, since they tend to make the voltage fluctuate and to
tear the alternators out of synchronism with each other,
especially when the conditions are favorable to a cumulative
increase of this effect by what may be called mechanical
resonance (hunting) of the engine governors, etc. They de-
pend upon the syhchronous impedance of the alternators
and upon their phase difference, that is, the number of poles
and the fluctuation of speed, and are specially objectionable
when operating synchronous apparatus in the system.

Thus, for instance, if two 80-polar alternators are directly
connected to single cylinder engines of 19 speed variation
per revolution, twice during each revolution the speed will
rise, twice fall ; and consequently the speed of each alter-
nator will be above average speed during a quarter revolu-
tion. Since the maximum speed is }¢, above average, the
mean speed during the quarter revolution of high speed is
1% above average speed, and by passing over 20 poles the
armature of the machine will during this time run ahead of
its mean position by 1% of 20 or j; pole, that is '8 =9°.
If the armature of the other alternator at this moment is
behind its average position by 9°, the phase displacement
between the alternator E.M.F.’s is 18°; that is, the alter-
nator E.M.F.’s are represented by OF, and OF, in Fig. 64,
and when running in parallel the EM.F. OF = E|E, is
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short circuited through the synchronous impedance of the
two alternators.

Since E'= OE,= 2 I, sin 9°, the maximum cross cur-
rent is
_ E;sin® 156 E,

EN 2y

[/

=.156 7,

where /= != short circuit current of alternator at full-
z ,

load excitaticgn. Thus if the short circuit current of the
alternator is only twice full-load current, the cross current
is 31.27 of fullload cur-
rent. If the short circuit
current is 6 times full-load

1
|
|
current, the cross current O, ?
is 96.3¢, of fullload cur- '
rent or practically equal .
2

to full-load current. Thus
the smaller the armature
reaction or the better the YE
regulation, the larger are
the pulsating cross currents flowing between the alternators,
due to inequality of the rate of rotation of the prime movers.
Hence for satisfactory parallel -operation of alternators con-
nected to steam engines, a certain amount of armature re-
action is desirable and very close regulation undesirable.

By the transfer of energy between the machines the
pulsations of frequency, and thus the cross currents, are
reduced somewhat. Very high amature reaction is objec-
tionable also, since it reduces the synchronizing power, that
is, the tendency of the machines to hold each other in step,
by reducing the energy transfer between the machines.

- As seen herefrom, the problem of parallel operation of
alternators is almost entirely a problem of the regulation of
their prime movers, especially steam engines, but no electrical
problem at all.

From Fig. 64 it is seen that the EM.F. OZ' or £,E..

E

Fig. 64.
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which causes the cross current between two alternators in
parallel connection, if their E.M.F.’s OF, and OFE, are out
of phase, is approximately in quadrature with the E.M.F.’s
OE, and OFE, of the machines, if these latter two E.M.F.’s
are equal to each other. The cross current between the
machines lags behind the E.M.F. producing it, OF’, by the

o
angle o, where tan o = 0 and z, = synchronous reactance,
0

7, = effective resistance of alternator armature. The energy
component of this cross current, or component in phase with
OF', is thus in quadrature with the machine voltages OF,
and OF,, that is, transfers no power between them but the
power transfer or equalization of load between the two
machines takes place by the wattless or reactive component
of cross current, that is, the component which is in quadra-
ture with OZ’, and thus in phase with one, and in opposition
with the other of the machine EM.F.’s OZ, and OZ,.

Hence, machines without reactance would have no syn-
chronizing power, or could not be operated in parallel. The
theoretical maximum synchronizing power exists if the syn-
chronous reactance equals the resistance: x, =, This
. condition, however, cannot be realized, and if realized would
give a dangerously high synchronizing power and cross cur-
rent. In practice, z, is always very much greater than 7,
and the cross current thus practically in quadrature with
OF, that is, in phase (or opposition) with the machine volt-
ages, and is consequently an energy-transfer current.

If, however, the machine voltages OF, and OF, are dif-
ferent in value but approximately in phase with each other,
the voltage causing cross currents, %, is in phase with
the machine voltages and the cross currents thus in quadra-
ture with the machine voltages OF, and OF,, and hence do
not transfer energy, but are wattless. In one machine the
cross current is a lagging or demagnetizing, and in the
other a leading or magnetizing, current.

Hence two kinds of cross currents may exist in parallel
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B. COMMUTATING MACHINES.

I. General.

CommuTAaTING machines are characterized by the com-
bination of a continuously excited magnet field with a closed
circuit armature connected to a segmental commutator.
According to their use¢, they can be divided into direct .
current generators which transform mechanical power into
electric power, direct current motors which transform elec-
tric power into mechanical power, and direct current con-
verters which transform electric power into a different
form of electric power. Since the most important class of
. the latter are the synchronous converters, which combine
features of the synchronous machines with those of the com-
mutating machines, they shall be treated in a separate chapter.

By the excitation of their magnet fields, commutating
machines are divided into magneto machines, in which the
field consists of permanent
magnets ; separately excited
machines ; shunt machines,
in which the field is ex-
cited by an electric circuit
shunted across the machine
terminals, and thus receives
a small branch current at
O full machine voltage, as
shown diagrammatically in
Fig. 65; series machines,
in which the electric field
circuit is connected in series to the armature, and thus re-
ceives the full machine current at small voltage (Fig.-66);

SHUNT MACHINE

Fig. 65,
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and compound machines excited by a combination of shunt
and series field (Fig. 67). In compound machines the two
windings can magnetize either in the same direction (cumu-
lative compounding), or in opposite directions (differential

COMPOUND MACHINE

SERIES MACHINE

VR s R === s

Fig. 66. Fig. 67.

compounding). Differential compounding has been used for
constant-speed motors. Magneto machines are used only
for very small sizes.

By the number of poles commutating machines are
divided into bipolar and multipolar machines. Bipolar ma-
chines are used only in small sizes. By the construction of
the armature, commutating machines are divided in smooth-
core machines, and iron-clad or “toothed” armature ma-
chines. In the smooth-core machine the armature winding
isarranged on the surface of a laminated iron core. In the
iron-clad machine ths armature winding is sunk into slots.
The iron-clad type has the advantage of greater mechanical
strength, but the disadvantage of higher self-induction in
commutation, and thus requires high resistance, carbon cr
graphite commutator brushes. The iron-clad type has the
advantage of lesser magnetic stray field, due to the shorter
gap between field pole and armature iron, and of lesser mag-
net distortion under load, and thus can with carbon brushes
be operated with constant position of brushes at all loads.
In consequence thereof, for large multipolar machines the
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iron-clad type of armature is generally used, and the smooth-
core ring armature type only for large multipolar, low-voltage
machines, of the face commutator type, to secure high
economy of space. :

Either of these types can be drum wound or ring wound.
The drum winding has the advantage of lesser self-induction,
and lesser distortion of the magnetic field, and is generally
less difficult to construct and thus mostly preferred, except
in special cases as to secure high economy in space in low-
voltage multipolar machines. By the armature winding, the
commutating machines are divided into multiple wound and
series wound machines. The difference between multiple
and series armature winding, and their modifications, can
best be shown by diagram.

MULTIPLE RING,
Fig. 68.
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II. Armature Winding.

Fig. 68 shows a six-polar multiple ring winding, and Fig.
69 a six-polar multiple drum winding. As seen, the armature -
coils are connected progressively all around the armature in

MULTIPLE DRUM, FULL PITCH,
Fig. 69.

closed circuit, and the connections between adjacent armature
coils lead to the commutator. Such an armature winding
has as many circuits in multiple, and requires as many sets of
commutator brushes, as poles. Thirty-six coils are shown in
Figs. 68 and 69, connected to 36 commutator segments, and
the two sides of each coil distinguished by drawn and dotted
lines. Ina drum-wound machine, usually the one side of all
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coils forms the upper and the other side the lower layer of
the armature winding. -

Fig. 70 shows a six-polar series drum winding, with 36
. slots and 36 commutator segments. In the series winding

SERIES DRUM WITH CROSS-CONNECTED COMMUTATOR.,
Fig. 70.

the circuit passes from one armature coil, not to the next
adjacent armature coil as in the multiple winding, but first
through all the armature coils having the same relative
position with regard to the magnet poles of the same polarity,
and then to the armature coil next adjacent to the first coil.
That is, all armature coils having the same or approximately
the same relative position to poles of equal polarity, form
one set of integral coils. Thus the series winding has only
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two circuits in multiple, and requires two sets of brushes
only, but can be operated also with as many sets of brushes
as poles, or any intermediate number of sets of brushes. In
Fig. 70, a series winding in which the number of armature
coils is divisible by the number of poles, the commutator
segments have to be cross connected.

This form of series winding is hardly ever used. The
usual form of series W\inding isythe winding shown by Fig. 71.

SERIES DRUM.
/), Fig. 71.

This figure shows a six-polar armature having 35 coils and
35 commutator segments. In consequence thereof, the
armature coils under corresponding poles which are con-
nected in series are slightly displaced from each other, so
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that after passing around all corresponding poles, the wind-
ing leads symmetrically into the coil adjacent to the first
armature coil. Hereby the necessity of commutator cross
connections is avoided, and the winding is perfectly sym-
metrical. With this form of series winding, which is mostly
used, the number of armature coils must be chosen to follow

OPEN CIRCU!IT, THREE PHASE, SERIES DRUV.
Fig. 72.

certain rules. Generally the number of coils is one less or
one more than a multiple of the number of poles.

All these windings are closed circuit windings ; that is,
starting at any point, and following the armature conductor,
the circuit returns into itself after passing all ELIM.F.’s twice
in opposite direction (thereby avoiding short circuit). An
instance of an open-coil winding is shown in Fig. 72, a series
connected three-phase ¥ winding similar to that used in the
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Thomson-Houston arc machine. Such open-coil windings,
however, cannot be used in commutating machines. They
are generally preferred in synchronous and in induction
machines.

By leaving space between adjacent coils of these wind-
ings, a second winding can be laid in between. The second
winding can either be entirely independent from the first

MULTIPLE, DOUBLE SPIRAL RING.
Fig. 73.

winding ; that is, each of the two windings closed upon
itself, or after passing through the first winding the circuit
enters the second winding, and after passing through the
second winding it reénters the first winding. In the first
case, the winding is called a double spiral winding (or mul-
tiple spiral winding if more than two windings are used), in
the latter case a double re-entrant winding (or multiple re-
entrant winding). In the double spiral winding, the number
of coils must be even ; in the double re-entrant winding, odd.
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Multiple spiral and multiple reéntrant windings can be
either multiple or series wound ; that is, each spiral can con-
sist either of a multiple or of a series winding. Fig. 73
shows a double spiral multiple ring winding, Fig. 74 a double
spiral multiple drum winding, Fig. 75 a double reéntrant

MULTIPLE, DOUBLE SPIRAL DRUM, FULL PITCH.
Fig. 74.

multiple drum winding. As seen in the double spiral or
double reéntrant multiple winding twice as many circuits as
poles are in multiple. Thus such windings are mostly used
for large low-voltage machines.

A distinction is frequently made between lap winding
and wave winding. These are, however, not different types ;
but the wave winding is merely a constructive modification
of the series drum winding with single-turn coil, as seen by
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P

comparing Figs. 76 and 77. Fig. 76 shows a part of a
series drum winding developed. Coil (| and C,, having cor-
responding positions under poles of equal polarity, are joined
in series. Thus the end connection aé of coil C, connects
by cross connection éc and @c to the end connection e of
coil C,, If the armature coils consist of a single turn only,

MULTIPLE, DOUBLE REENTRANT DRUM, FULL PITCH,
Fig. 75.

as in Fig. 76, and thus are open at & and ¢, the end con-
nection and the cross connection can be combined by passing
from a in coil €| directly to ¢ and from ¢ directly to ¢ in
coil C,. That is, the circuit aécde is replaced by ace. This
“has the effect that the coils are apparently open at one side.
Such a winding has been called a wave winding. Only
series windings with a single turn per coil can be arranged
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as wave windings, while windings with several turns per coil
must necessarily be lap or coil windings. In Fig. 78 is
shown a series drum winding with 35 coils and commutator
segments, and a single turn per coil arranged as wave

SERIES LAP WINDING

/s

7

WAVE WINDING,
Fig. 77.

winding. This winding may be compared with the 35-coil
series drum winding, in Fig. 71.

Drum winding can be divided into full pitch and frac-
tional pitch windings. In the full pitch winding, the spread
of the coil covers the pitch of one pole; that is, each coil
covers ! of the armature circumference in a six-polar ma-
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chine, etc. In a fractional pitch winding it covers less or
more.

Series drum windings without cross connected commu-
tator in which thus the number of coils is not divisible by
the number of poles, are necessarily always slightly fractional

SERIES ‘DRUM; WAVE WINDING.
Fig. 78.

pitch; but generally the expression “fractional pitch winding ”
is used only for windings in which the coil covers one or
several teeth less than correspond to the pole pitch. Thus
the multiple drum winding in Fig. 69 would be a fractional
pitch winding if the coils spread over only four or five
teeth instead of over six. As # fractional pitch winding it
is shown in Fig. 79.

Fractional pitch windings have the advantage of shorter
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end connections and less self-induction in commutation,
since commutation of corresponding coils under different
poles does not take place in the same, but in different, slots,
and the flux of self-induction in commutation is thus more
subdivided.  Fig. 79 shows the multiple drum winding of

MULTIPLE, DRUM %4 FRACTIONAL PITCH,
Fig. 79.

Fig. 69 as fractional pitch winding with five teeth spread, or
% pitch. During commutation, the coils abedef commutate
simultaneously. In Fig. 69 these coils lie by two in the
same slots, in Fig. T9 they lie in separate slots. Thus, in
the former case the flux of self-induction interlinked with the
commutated coil is due to two coils ; -that is, twice that in
the latter case. Fractional pitch windings, however, have
_thedisa’d\‘fantage of reducing the width of the neutral zone,
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or zone without induced E.M.F. between the poles, in which
commutation takes place, since the one side of the coil
enters or leaves the field before the other. Therefore, in
commutating machines it is seldom that a pitch is used that
falls short of full pitch by more than one or two teeth,
while in induction machines, occasionally as low a pitch as
50 % is used, and % pitch is frequently employed.

Series windings find their foremost application in ma-
chines with small currents, or small machines in which it is
desirable to have as few circuits as possible in multiple, and
in machines in which it is desirable to use only two sets of
brushes, as in railway motors. In multipolar machines with
many sets of brushes, series winding is liable to give selective
commutation ; that is, the current does not divide evenly
between the sets of brushes of equal polarity.

"~ Multiple windings are used for machines of large cur-
rents, thus generally for large machines, and in large low-
voitage machines the still greater subdivision of circuits
afforded by the multiple spiral and the multiple reéntrant
winding is resorted to.

To resume, then, armature windings can be subdivided
into:

@). Ring and drum windings.

). Closed circuit and open circuit windings. Only the
former can be used for commutating machines.

¢). Multiple and series windings.

‘d). Single spiral, multiple spiral, and multiple reéntrant
windings. Either of these can be multiple or series
windings.

¢). Full pitch and fractional pitch windings.

III. Induced E.M.F.’S.

The formula of induction of a direct current machine,
as discussed in the preceding, is:
¢ = 4 Nnd.
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Where
¢ = induced E.M.F.
AV = frequency = number of pairs of poles X revolutions
per second, in hundreds.
n = number of turns in series between brushes.
® = magnetic flux passing through the armature per pole,
in megalines.

In ring-wound machines, ® is one-half the flux per field
pole, since the flux divides in the armature into two circuits,
and each armature turn incloses only half the flux per field
pole. Inring-wound armatures, however, each armature turn
has only one conductor lying on the armature surface, or face
conductor, while in a drum-wound machine each turn has
two face conductors. Thus, with the same number of face
conductors — that is, the same armature surface — the same
frequency, and the same flux per field pole, the same E.M.F.
is induced in the ring-wound as in the drum-wound armature.

The number of turns in series between brushes, 7, is one-
half the total number of armature turns in a series wound

1 . .
armature, — the total number of armature turns in a single

spiral multiple wound armature with p poles. It is one-ha’f
as many in a double spiral or double reéntrant, one-third as
many in a triple spiral winding, etc.

By this formula, from frequency, series turns and mag-
netic flux the E.M.F. is found, or inversely from induced
E.M.F,,.frequency, and series turns, the magnetic flux per

field pole is calculated. "

BV 3

From magnetic flux, and section and lengths of the dif-
ferent parts of the magnetic circuit, the densities and ‘the
ampere turns required to produce these densities are derived,
and as the sum of the ampere turns required by the dif-
ferent parts of the magnetic circuit, the total ampere turns
excitation per field pole is found, which is required for
inducing the desired E.M.F.

P
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Since the formula of direct current induction is indepen-
dent of the distribution of the magnetic flux, or its wave
shape, the total magnetic flux and thus the ampere turns re-
quired therefor, are independent also of the distribution of
magnetic flux at the armature surface. The latter is of
importance, however, regarding armature reaction and
commutation.

IV. Distribution of Magnetic Flux.

The distribution of magnetic flux in the air gap or at the
armature surface can be calculated approximately by assum-
ing the density at any point of the armature surface as pro-
portional to the M.M.F. acting thereon, and inversely
proportional to the nearest distance from a field pole. Thus,
if F, = ampere turns acting upon air gap between armature
and field pole, @ = length of air gap, from iron to iron,
the density under magnet pole, that is, in the range BC of
Fig. 80, is ‘

425,
= 10a
N,
A 5 2l
| ; e :
L Fig. 80.

At a point having the distance x from the end of the
field pole on the armature surface, the distance from the next
field pole is @ = Va® + 2%, and the density thus,

A 4 =%, :
C10VE + &
Herefrom the distribution of magnetic flux is calculated

and plotted in Fig. 80, for a single pole B(, along the
armature surface 4, for the length of air gap @ = 1, and such

0



178 * ELECTRICAL ENGINEERING.

a M.M.F. as to give ® = 8000 under the field pole, that is,
for §, = 6400 or 3¢, = 8000.

Around the surface of the direct current machine arma-
ture, alternate poles follow each other. Thus the M.M.F.
is constant only under each field pole, but decreases in the
space between the field poles, from C to £ in Fig. 81,

F £

i3

©9
9
c
=

9.‘_%;

e —
O

Fig. 81.
from full value at C to full value in opposite direction at .
The point D midway between C and £, at which the M.M.F.
of the field equals zero, is called the “neutral.” The dis-
tribution of M.M.F. of field excitation is thus given by the
line § in Fig. 81. The distribution. of magnetic flux as
shown in Fig. 81 by ®, is derived by the formula,

4 =F

= 07
Where E
d = Va*+ 22

This distribution of magnetic flux applies only to the no-
load condition. Under load, that is, if the armature carries
current, the distribution of flux is changed by the M.M.F. of
the armature current, or armature reaction.

Assuming the brushes set at the middle points between
adjacent poles, D and G, Fig. 82, the M.M.F. of the arma-
ture is maximum at the point connected with the commutator
brushes, thus in this case at the points 2 and G, and
gradually decreases from full value at D to equal but op-
posite value at (5, as shown by the line £in Fig. 82, while
the line &, gives the field M.M.F. or impressed M.M.F.
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If # = number of turns in series between brushes per
pole, 7 = current per turn, the armature reaction is f = 7z
ampere turns. Adding fand &, gives the resultant M.M.F.
g, and therefrom the magnetic distribution. ‘

475
¥ Stog!
The latter is shown as line ®1 in Fig. 82.
With the brushes set midway between adjacent field

poles, the armature M.M.F. is additive on one side, and'sub-

Fig. 82.

tractive on the other side of the center of the field pole.
Thus the magnetic intensity is increased on one side, and
decreased on the other. The total M.M.F., however, and
thus neglecting saturation, the total flux entering the arma-
ture, are not changed.' Thus, armature reaction, with the
brushes midway between adjacent field poles, acts distorting
upon the field, but neither magnetizes nor demagnetizes, if
the field is below saturation.

The distortion of the magnetic field takes place by the
armature ampere turns beneath the pole, or from 2 to C.
Thus, if » = pole arc, that is, the angle covered by pole face
(two poles or one complete period being denoted by 360°),

b

the distorting ampere turns armature reaction are 1_785'
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: : : 3T
As seen, in the assumed instance, Fig. 82, where f = 1 %,

the M.M.F. at the two opposite pole corners, and thus the
magnetic densities, stand in the proportion 1 to 3. As seen,
the induced E.M.F. isnot changed by the armature reaction,
with the brushes set midway between the field poles, except
by the small amount corresponding to the flux entering be-
yond D and G, that is, shifted beyond the position of
brushes. At D, however, the flux still enters the armature,
depending in intensity upon the armature reaction ; and thus
with considerable armature reaction, the brushes when set
at this point are liable to spark.by short circuiting an active
E.M.F. Thus, under load, the brushes are shifted towards-
the following pole ; that is, towards the direction in which
the zero point of magnetic induction has been shifted by the
armature reaction.

In the following Fig. 83, the brushes are assumed as
shifted to the corner of the next pole Z, respectively B.

g]

I8
Bl P ¢ D%

Fig. 83, &

In consequence thereof, the subtractive range of the arma-
ture M.M.F. is larger than the additive, and the resultant
M.M.F. § = &, + f is decreased. That is, with shifted
brushes the armature reaction demagnetizes the field. The
demagnetizing armature ampere turns are PA7; that is,
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GB
=i /. That is, if 2 = angle of shift of brushes or angle

of lead (= GA in Fig. 83), assuming the pitch of two poles
= 360°, the demagnetizing component of armature reaction

zr

L%

the distorting component is 130 where v = pole arc.

2
180
Thus, with shifted brushes the field excitation has to be
increased under load to maintain the same total resultant
M.M.F.; that is, the same total flux and induced E.M.F.
Hence, in Fig. 83 the field excitation &, has been assumed
3 2hf
Y180~ 3
magnetic distribution ®, plotted for these values.

larger than in the previous figures, and the

V. Effect of Saturation on Magnetic Distribution.

The preceding discussion of Figs. 80 to 83 omits the
effect of saturation. That is, the assumption is made that
the magnetic material near the air gap, as pole face and
armature teeth, are so far below saturation that at the de-
magnetized pole corner the magnetic density decreases, at
the strengthened pole corner increases, proportionally to the

The distribution of M.M.F. obviously is not affected by
saturation, but the distribution of magnetic flux is greatly
changed thereby. To investigate the effect of saturation,
in Figs. 84 to 87 the assumption has been made that the air
gap is reduced to one-half its previous value, a = .5, thus
consuming only one-half as many ampere turns, and the
other half of the ampere turns are consumed by saturation
of the armature teeth. The length of armature teeth is
assumed as 3.2, and the space filled by the teeth is assumed
as consisting of one-third of iron and two-thirds of non-
magnetic material (armature slots, ventilating ducts, insula-
tion between laminations, etc.). :

In Figs. 84, 85, 86, 87, curves are plotted corresponding
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to those in Figs. 80, 81, 82,'and 83. As seen, the spread
of magnetic induction at the pole corners is greatly increased,
but farther away from the field poles the magnetic distri-
bution is not changed.

The magnetizing, or rather demagnetizing, cffcct of the
load with shifted brushes is not changed. The distorting
cffect of 'the lead is, however, very greatly decreased, to a
small percentage of its previous value, and the magnetic
field under the ficld pole is very nearly uniform under load.

The reason is: Even a very large increase of M.M.F.
does not much increase the density, the empere turns being
consumed by saturation of the iron, ard even with a large
decrease of M.M.F., the density is not decreased much, since
with a small decrease of density the ampere turns corsumed
by the saturation of the iron become available for the gap.

Thus, while in Fig. 83 the densities at the center and
the two pole corners of the field pole are 8000, 12000, and
4000, with the saturated structure in Fig. 87, they are
8000, 9040, and 6550.

At or near the theoretical neutral, however, the satura-
tion has no effect.

That is, saturation of the armature teeth affords a means
of reducing the distortion of the magnetic field, or the
shifting of flux at the pole corners, and is thus advantageous
for machines which shall operate over a wide range of lcad
with fixed position of brushes if the brushes are shifted to
near the next following pole corner.

It offers no direct advantage, however, for machines
commutating with the brushes, midway between the field
poles, as converters.

A similar effect to saturation in the armature tceth, is
produced by saturation of the field pole face, or mcre pai-
ticularly, saturation of the pole corners of the field.
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VI. Effect of Slots on Magnetic Flux.

With slotted armatures the pole face density opposite
the armature slots is less than that opposite the armature
teeth, due to the greater distance of the air path in the
former case. Thus, with the passage of the armature slots
across the field pole a local pulsation of the magnetic flux
in the pole face is produced, which, while harmless with
laminated field pole faces, induces eddy currents in solid pole
pieces. The frequency of this pulsation is extremely high,
and thus the energy loss due to eddy currents in the pole
faces may be considerable, even with pulsations of small
amplitude. If s = peripheral speed of the armature in
centimeters per second, p = pitch of armature slot (that is,
width of one slot and ‘one tooth at armature surface), the
frequency is NV, =s/p. Or, if V' = frequency of machine,
¢ = number of armature slots per pair of poles, /V; = g/V.

® For instance, NV = 33.3,
) f ® g = 51, thus N,= 1700.

\/ \/ Under the assumption,
width of slots equals width
of teeth = 2 x width of air
gap, the distribution of
magnetic flux at the pole
face is plotted in Fig. 88.
The drop of density

opposite each slot consists
of two curved branches

7 equal to those in Fig. 80,
_I J——l?-— l—- that is, calculated by
; B = s
Fig. 88. =P m

The average flux is 7525, That is, by cutting half the
armature surface away by slots of a width equal to twice the
length of air gap, the total flux under the field pole is re-
duced only in the proportion 8000 to 7525, or about 6%.
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The flux, ® pulsating between 8000 and 5700, is equiva-
lent to a uniform flux ®, =7525 superposed with an alter-
nating flux ®;, shown in Fig. 89, with a maximum of 475
and a minimum of 1825. T&is alternating flux ®, can, as

3

B, 5
®,

(Bl»ﬁi

/== '
T

Fig. 89.

regards induction of eddy currents, be replaced by the equiva-
lent sine wave ®,, that is, a sine wave having the same
effective value (or square root of mean square). The effec-
tive value is T18.

The pulsation of magnetic flux farther in the interior
of the field-pole face can be approximated by drawing curves
equi-distant from &, Thus the curves ®&; ®, ®,, &, B,
and ®, are drawn equidistant from ®, in the relative dis-
tances .5, 1, 1.5, 2, 2.5, and 8 (where 2 = 1 is the length of
air gap). They give the effective values :

®, B ®, B B By G
718 373 184 119 91 69 57

That is, the pulsation of magnetic flux rapidly disappears
towards the interior of the magnet pole, and still more
rapidly the energy loss by eddy currents, which is propor-
tional to the square of the magnetic density.

In calculating the effect of eddy currents, the magne-
tizing effect of eddy currents may be neglected (which tends
to reduce the pulsation of magnetism) ; this gives the upper
limit of loss.

Let ® = effective density of the alternating magnetic flux,

s=peripheral speed of armature in centimeters per
second, and
/ = length of pole face along armature.
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The E.M.F. induced in the pole face is then,
e=si® x 1075,

and the current flowing in a strip of thickness & and one
centimeter width, : .

. e S/®310—%  s®510-8
NV == — = —— e TN TR
pl pl P

?)

where,
p = resistivity of the material.

Thus the effect of eddy currents in this strip is,

_ ®810-
P

Ap = cAi

H

or per cm? .
o gerlon®
- W 5

That is, proportional to the square of the effective value
of magnetic pulsation, the square cf peripheral speed, and
inversely proportional to the resistivity.

Thus, assuming for instance,

s = 2,000,
p= 20 x 1079, for cast steel,
p =100 x 10—=° for cast iron.

we have in the above given instance,

AT DISTANCE P
FROM ®.
POLEFACE. . | CasT STEEL. Casr IRrRON.

0 718 10.3 2.06
;— 373 2.78 .56

7 184 677 .135

2]

2’2—“ 119 .283 057

2a 91 .166 .033

5a

- 69 095 .019

3a 57 065 .013
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VII. Armature Reaction.

At no load, that is, with no current flowing through the
armature or induced circuit, the magnetic field of the com-
mutating machine is symmetrical with regard to the field
poles.

Thus the density at the armature surface is zero at the
point or in the range midway between adjacent field poles.
This point, or range, is called the ¢“mneutral” point or
“neutral ” range of the commutating machine.

Under load the armature current represents a M.M.F.
acting in the direction from commutator brush to commu-
tator brush of opposite polarity, that is, in quadrature with
the field M.M.F. if the brushes stand midway between the
field poles; or shifted against the quadrature position by the
same angle by which the commutator brushes are shifted,
which angle is called the angle of lead.

If 7 =turns in series between brushes per pole, and 7 =
current per turn, the M.M.F. of the armature is f= 7 per
pole. Or, if 7 = total number of turns on the armature,
& = number of turns or circuits in multiple, 2 =numbers
of poles, and 7,= total armature current, the M.M.F. of the

7% This M.M.F. is called the
2%

armature reaction of the continuous current machine.

Since the armature turns are distributed over the total
pitch of pole, that is, a space of the armature surface repre-
senting 180°, the resultant armature reaction is found by

armature per pole is f =

multiplying f/ with the average cos o 38 = g, and is thus,
= T
22
o

When comparing the armature reaction of commutating
machines with other types of machines, as synchronous

! 9
machines, etc., the resultant armature reaction =__j_c has
g ki
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to be used. In discussing commutating machines proper,
however, the value /= #z is usually considered as the arma-
ture reaction.

The armature reaction of the commutating machine has
a distorting and a magnetizing or demagnetizing action upon
the magnetic field. Thearmature ampere turns beneath the
field poles have a distorting action as discussed under
« Magnetic Distribution ” in the preceding paragraph. The
armature ampere turns between the field poles have no effect
upon the resultant field if the brushes stand at the neutral;
but if the brushes are shifted, the armature ampere turns
inclosed by twice the angle of lead of the brushes, have a
demagnetizing action.

Thus, if 7 = pole arc as fraction of pole pitch, and /2 =
shift of brushes as fraction of pole pitch, fthe M.M.F. of
armature reaction, and &, the M.M.F. of field excitation per
pole, the demagnetizing component of armature reaction is
2/if, the distorting component of ‘armature reaction is of; and
the magnetic density at the strengthened pole corner thus

)

corresponds to the M.\M.F. &, + ?f , at the weakened field
corner to the M.M.F. &, — %

VIII. Saturation Curves.

As saturation curve or magnetic characteristic of the
commutating machine is understood the curve giving the
induced voltage, or terminal voltage at open circuit, and
normalspeed, as function of the ampere turns per pole field
excitation.

Such curves are of the shape shown in Fig. 90 as 4.
Owing to the remanent magnetism or hysteresis of the iron
part of the magnetic circuit, the saturation curve taken with
decreasing field excitation usually does not coincide with
that taken with increasing field excitation, but is higher, and
by gradually first increasing the field excitation from zero
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to maximum and then decreasing again, the looped curve in
Fig. 91 is derived, giving as average saturation curve the
curve shown in Fig. 90 as 4, and as central curve in
Fig. 91.

///'E——’/,—z" —
//’ 44%/
L =
A s
4
g
/
Y
/1 A /B
/ SATURATICN CURVES,
Ay
[V 1
i
[
Fig. 90.

Direct current generators are usually operated at a point
of the saturation curve above the bend, that is, at a point
where the terminal voltage increases considerably less than
proportionally to the field excitation. This is necessary in
self-exciting direct current generators to secure stability.

The ratio,

increase of field excitation _ corresponding increase of voltage,
total field excitation total voltage ;

that is, dsF,  de

o ST

F, e

is called saturation coefficient s, and is plotted in Fig. 90
with the voltage as ordinates, and the saturation coefficient
s as abscissae.

Of considerable importance also are curves giving
the terminal voltage as function of the field excitation at
load. Such curves are called Joad saturation curves, and can
be constant curvent load saturation curve, that is, terminal
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voltage as function of field ampere turns at constant full-load
current flowing through the armature, and constant resist-
ance load saturation curve, that is, terminal voltage as
function of field ampere turns if the machine circuit is closed

N\
\

AN

// SATURATION CURVES.,

\
'
A\

i

Fig. 91.

through a constant resistance giving full-load current at
full-load terminal voltage.

A constant current load saturation curve is shown as 75,
and a constant resistance load saturation curve as C in
Fig. 90.

IX. Compounding.

In the direct current generator the field excitation re-
quired to maintain constant terminal voltage has to be
increased with the load. A curve, giving the field excitation
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in ampere turns per pole, as function cf the load in amperes,
at constant terminal voltage, is called the compounding curve
of the machine.

The increase of field excitation required with load is
due to: :
1. The internal resistance of the machine, which con-
sumes E.M.F. proportional to the current, so that the in-
duced E.M.F, and thus the field M.M.F. corresponding
thereto, has to be greater under load. If 7 =resistance

2%

drop in the machine as fraction of terminal voltage, or = =
€

the induced E.M.F. at load has to be ¢ (1 4 7), and if F, =
no-load field excitation, and s = saturation coefficient, the
field excitation required to produce the EM.F. ¢ (1 + /) is
F,(1 + s¢), thus an additional excitation of s#&, is required
at load, due to the armature resistance.

2. The demagnetizing effect of the ampere turns arma-
ture reaction of the angle of shift of brushes requires an in-
crease of field excitation by /4f. (Section VII.)

3. The distorting effect of armature reaction does not
change the total M.M.F. producing the magnetic flux. If,
however, magnetic saturation is reached or approached in a
part of the magnetic circuit adjoining the air gap, the in- -
crease of magnetic density at the strengthened pole corner-
is less than the decrease at the weakened pole corner, and
thus the total magnetic flux with the same total M.M.F.
reduced, and to produce the same total magnetic flux an in-
creased total M.M.F., that is, increase of field excitation, is
required. This increase depends upon the saturation of the
magnetic circuit adjacent to the armature conductors.

4. The magnetic stray field of the machine, that is, that
part of the magnetic flux which passes from field pole to
field pole without entering the armature, usually increases
with the load. This stray field is proportional to the dif-
ference of magnetic potential between field poles. That is,
at no-load it is proportional to the ampere turns M.M.F.
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consumed in air gap, armature teeth, and armature core.
Under load, with the same induced E.M.F., that is, the same
magnetic flux passing through the armature core, the dif-
ference of magnetic potential between adjacent field poles is
increased by the counter M.M.F. of the armature and the
saturation. Since this magnetic stray flux passes through
field poles and yoke, the magnetic density therein is in-
creased and the field excitation correspondingly, especially
if the magnetic density in field poles and yoke is near
saturation. This increase of field strength required by the
increase of density in the external magnetic circuit, due to
the increase of magnetic stray field, depends upon the shape
of the magnetic circuit, the armature reaction, and the
saturation of the external magnetic circuit.

Curves giving, with the amperes output as abscissae, the
ampere turns per pole field excitation required to increase
the voltage proportionally to the current, are called over-
compounding curves. In the increase of field excitation
required for over-compounding, the effects of magnetic
saturation are still more marked.

X. Characteristic Curves.

The field characteristic or wegulation cusve, that is,
curve giving the terminal voltage as function of the current
output at constant field excitation, is of less importance in
commutating machines than in synchronous machines, since
commutating machines are usually not operated with sepa-
rate and constant excitation, and the use of the series field
affords a convenient means of changing the field excitation
proportionally to the load. The curve giving the terminal
voltage as function of current output, in a compound-wound
machine, at constant resistance in the shunt field, and con-
stant adjustment of the series field, is, however, of impor-
tance as regulation curve of the direct current generator.
This curve would be a straight line except for the effect of
saturation, etc., as discussed above.
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XI. Efficiency and Losses.

The losses in a commutating machine which have to be
considered when deriving the efficiency by adding the indi-
vidual losses are :

1. Loss in the resistance of the armature, the commu-
tator leads, brush contacts and brushes, in the shunt field
and the series field with their rheostats. :

2. Hysteresis and eddy currents in the iron at a voltage
equal to the terminal voltage, plus resistance drop in a gene-
rator, or minus resistance drop in a motor.

3. Eddy currents in the armature conductors when large
and not protected.

4. Friction of bearings, of brushes on the commutator,
and windage.

5. Load losses, due to the increase of hysteresis and of
eddy currents under load, caused by the change of the
magnetic distribution, as local increase of magnetic density
and of stray field.

The friction of the brushes and the loss in the contact
resistance of the brushes, are frequently quite considerable,
especially with low-voltage machines.

Constant or approximately constant losses are: Friction
of bearings and of commutator brushes and windage, hyste-
resis and eddy current losses, shunt field excitation. ILosses
increasing with the load, and proportional or approximately
proportional to the square of the current: those due to
armature resistance, resistance of series field, resistance of
brush contact, and the so-called “load-losses,” which, how-
ever, are usually small in commutating machines.

XII. Commutation.

The most important problem connected with commu-
tating machines is that of commutation.
Fig. 92 represents diagrammatically a commutating
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machine. The E.M.F. induced in an armature coil 4 is
zero with this coil at or near the position of the commutator
brush A,. It rises and reaches a maximum about midway
between two adjacent sets of brushes, 5,, and B, at C, and
then decreases again, reaching zero at or about Z,, and then
repeats the same change in opposite direction. The current

e of =3

Fig. 92.

in armature coil A4, however, is constant during the motion
of the coil from B, to B, While the coil 4 passes the
brush B, however, the current in the coil A reverses, and
then remains constant again in opposite direction during the
motion from B, to B, Thus, while the armature coils of a
commutating machine are the seat of a system of polyphase
E.M.F’s having as many phases as coils, the current flow-
ing in these coils is constant, reversing successively.

The reversal of current in coil 4 takes place while the
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gap G between the two adjacent commutator segments
between which the coil 4 is connected, passes the brush B,
Thus, if w = width of brushes, s = peripheral speed of
commutator per second in the same measure in which w is
given, as in inches per second if 7w is given in inches, 4, =w/s
is the time during which the current in 4 reverses. Thus,
considering the reversal as a single alternation, # is a half

period, and thus N =-%t—= 25 is the frequency of commu-
w

tation ; hence, if L= indtgctance or co-efficient of self-induc-
tion of the armature coil 4, the E.M.F. induced in the
armature coil during commutation is ¢,=2xMNLi, where
o= current reversed, and the energy which has to be dissi-
pated during commutation is 2% L.

The frequency of commutation is very much higher than
the frequency of synchronous machines, and averages from
300 to 1000 cycles per second, or more.

In reality, however, the changes of current during com-
mutation are not sinusoidal, but a complex exponential
function, and the resistance of the commutated circuit enters
the problem as an important factor. In the moment when
the gap G of the armature coil 4 reaches the brush B, the
coil 4 is short circuited by the brush, and the current 7, in
the coil begins to die out, or rather to change at a rate de-
pending upon the internal resistance and the inductance of
the coil 4, and the E.M.F. induced in the coil by the field
magnetic flux. The higher the internal resistance, the faster
is the change of current, and the higher the inductance, the
slower the current changes. Thus two cases have to be
distinguished.

1. No magnetic flux enters the armature at the position
of the brushes, that is, no E.M.F. is induced in the armature
coil under commutation, except that of its own self-induction.
. In'this case the commutation is entirely determined by the
inductance and resistance of the armature coil 4, and is
called « Resistance Commutation.”
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2. The brushes are shifted so that commutation takes
place in an active magnetic field. That is, in the armature
coil during commutation, an E.M.F. is induced by its rota-
tion through the magnetic field of the machine. In this case
the commutation depends upon the inductance and the re-
sistance of the armature coil, and the E.M.F. induced therein
by the main magnetic field, and is called « Voltage Com-
mutation.”

In either case, the resistance of the brushes and their
contact may either be negligible, as usually the case with
copper brushes, or it'may be of the same or a higher magni-
tude than the internal resistance of the armature coil A.
The latter is usually the case with carbon or graphite
brushes.

In the former case, the resistance of the short circuit of
armature coil 4 under commutation is approximately con-
stant ; in the latter case it varies from infinity in the moment
of beginning commutation down to minimum, and then up
again to infinity at the end of commutation.

a.) Negligible resistance of brush and brush contact.

This is more or less approximately the case with copper
brushes

Let i, = current,

Z = inductance,
7 = resistance of armature coil,

w . ;
{,= — = time of commutation,
5

and — ¢ = E.M.F. induced in the armature coil by its rota-

tion through the magnetic field, or commutating E.M.F.
Denoting the current in the coil 4 at time ¢ after begin-

ning of commutation, by 7, the E.M.F. of self-induction is,

di
el = — .L _{Z‘ 9
Thus the total E.M.F. acting in coil 4,

a;

_g+g1=—e—L;l—;;
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taking the logarithms of both terms,

¢ + ;
- 2
e 2
4= ]oge 2

__Z'
r 0

b

N~

or solving the exponential equation for ¢, we obtain,

o
y 1—{-(_21"
Py —

.
=G t",

It is evident that the inequation ¢ > 77 must be true, other-
wise perfect commutation is not possible.
If

e =10,
we have,

I d
R
?=1,e L.

That is, the current never reverses, but merely dies out
more or less, and in the moment where the gap G of the
armature coil leaves the brush #, the current therein has to
rise suddenly to full intensity in opposite direction. This
being impossible, due to the inductance of the coil, the cur-
rent flows as arc from the brush across the commutator
surface for a length of time depending upon the inductance
of the armature coil.

That is, with low resistance brushes, resistance commuta-
tion is not possible except with machines of extremely low

armature -inductance, that is, armature inductance so low
o

o[' , which appears as spark in

that the magnetic energy g
this case, is harmless.
Voltage commutation is feasible with low resistance
brushes, but requires a commutating E.M.F. ¢ proportional
to current 7, that is, requires shifting of brushes propor-
tionally to the load.
In the pgeceding, the E.M.F,, ¢, has been assumed con-

stant during the commutation. In reality it varies some-
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what, increasing with the approach of the commutated coil
to a denser field. It is not possible to consider this varia-
tion in general, and ¢ is
thus to be considered
the average value dur-
ing commutation.

6.) High resistance
brush contact.

Fig. 93 represents
a brush & commutating
armature coil 4.

Let 7,= contact re-
sistance of brush, that
is, resistance from brush to commutator surface over the
total bearing surface of the brushes. The resistance of the
commutated circuit is thus internal resistance of the arma-
ture coil 7, plus the resistance from C to B, plus the resist-
ance from 5 to D.

Thus, if 7= time of commutation, at the time ¢ after
the beginning of the commutation, the resistance from C to

Fig. 93.

e A Y/ i
B is “t" and from B to D is—®" | thus, the total resistance
"t &

of commutated coil is,

v .7, Gy vl tlr,
s r+‘7‘+ v == W e t(t,—?)

If 7= current in coil 4 before commutation, the total
current entering the armature from brush # is 2 i, Thus,
if 7= current in commutated coil, the current 7, + 7 flows
from B to D, the current z, — 7 from B to C.

Hence, the difference of potential from D to C'is,

lOrO .
bh— 1

The E.M.F. acting in coil 4 is,
Ldi

—_— — ——

ar

LA .
(fo + 7) __077'0 (4, — 7).
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and herefrom the difference of potential from D to C,

di

N TR Sty ;)
(4 ([[ s
hence,
dig . torg . ’ Lt :
—C_L(?t_”':z_t(%_}'z)—070(10_2)'

Or, transposed, -

Ldi 3) ;‘Oroz'o 2t—2) G e

o e T E e e e S
74 AR AT

)t n ="

The further solution of this general problem kecomes
difficult, but even without integrating this differential equa-
tion, a number of important conclusions can be derived.

Obviously the commutation is correct and thus sparkless,
if the current entering over the brush shifts from segment
to segment in direct proportion to the motion of the gap
between adjacent segments across the brush, that is, if the
current density is uniform all over the contact surface of
the brush. This means, that the current 7 in the short-
circuited coil varies from + 7, to — 7, as a linear function of
the time. In this case it can be represented by,

ar .
th—{—e—f- t("+

. L —2¢
= zo_o_.__
tO
thus, A
di 23
F oA ST Ay

Substituting this value in the general differential equa-
tion, gives, after some transformation,

Shtr(h—20—2L=0
0

2
g=4y%—r@_29§
0,

0

or,

which gives at the beginning of commutation, ¢ = 0,
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at the end of commutation, # = ¢,

5
€y = lo(T + 7‘).
0
That is:

Even with high resistance brushes, for perfect commu-
tation, voltage commutation is necessary, and the E.M.F.
e impressed upon the commutated coil must increase during
commutation from ¢, to ¢, by the above equation. This
E.M.F. is proportional to the current 7, but is independent
of the brush resistance, 7,

REesistaANCE COMMUTATION.

Herefrom it follows, that resistance commutation cannot
be perfect, but that at the contact with the segment that
leaves the brush, the current density must be higher than
the average. Let o = ratio, of actual current density at the
moment of leaving the brush, to average current density of
brush contact, and considering only the end of commutation,
as the most important moment, we have,

. ,(Qa—l)to—2at
{=f—,
,0
since for
t=14—h
this gives
i=— i+ 20-1,
tO
while uniform current density would require,
z'=—1},+2;(—)z'0.
The general differential equation of resistance commuta-
tion, ¢ = 0, is,

Ve Py roloto (22— 4)
2ol i e RS
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Substituting in this equation, the value of 7/ from the fore-
going equation, expanding and cancelling 7, — ¢, we obtain,

2783 (0 —1)+ 74,(2a—1) — 2072 — 2alt = 0.
hence, '
AL 5 (2 7y + 7)
T I CdE F rtly— i — L2),

and for L=
;
L+ -7
RN I 0 Tk Wl 1
2(rg,— L) vl — L

That is, a is always > 1.

The smaller Z, and the larger 7, the smaller is a, that is,
the better is the commutation.

Sparkless commutation is impossible for very large values
of o, that is, when Z approaches 7/, or when 7, is not much

larger than — .
IO

XIII. Types of Commutating Machines.

By the excitation, commutating machines are subdivided
into magneto, separately excited, shunt, series, and compound
machines. Magneto machinesand separatelyexcited machines
are very similar in their characteristics. In either, the field
excitation is of constant, or approximately constant, im-
pressed M.M.F. Magneto machines, however, are little used,
and only for very small sizes.

By the direction of energy transformation, commutating
machines are subdivided into generators and motors.

Of foremost importance in discussing the different types
of machines, is the saturation curve or magnetic character-
istic, that is, a curve relating terminal voltage at constant
speed, to ampere turns per pole field excitation, at open
circuit. Such a_curve is shown as 4 in Figs. 94 and 95.
It has the same general shape as the magnetic induction
curve, except that the knee or bend is less sharp, due to
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the different parts of the magnetic circuit reaching satu-
ration successively.

Thus, to induce voltage ac, the field excitation oc is re-
quired. Subtracting from ac¢ in a generator, Fig. 94, or
adding in a motor, Fig. 95, the value aé = ¢7, the voltage
consumed by the resistance of armature, commutator, etc.,
gives the terminal voltage é¢c at current 7, and adding to oc
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Fig. 94.

the value ce = 6d = 7g = armature reaction, cr rather field
excitation required to overcome the armature reaction, gives
the field excitation o¢ required to . produce the terminal
voltage de at current 7. The armature reaction, #g, corre-
sponding to current 7, is calculated as discussed before,
and ¢ may be called the ¢Coefficient of Armature Re-
action.”

Such a curve, D, shown in Fig. 94 for a generator, and
in Fig. 95 for a motor, and giving the terminal voltage de
at current 7, corresponding to the field excitation oe, is called
a Load Saturation Curve. Its points are respectively dis-
tant from the corresponding points of the no-load satura-
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tion curve 4 a constant distance equal to ad, measured
parallel thereto.

Curves D are plotted under the assumption that the
armature reaction is constant. Frequently, howevcr, at
lower voltage the armature reaction, or rather the increase
of excitation required to overcome the armaturc reaction, 7z,

VOLTS

w

y

SA TUR]ATIC[)N CURVES

AMPERE TURNS

B,
/

Fig. 95.

increases, since with voitage commutation at lower voltage,
and thus weaker field strength, the brushes have to be
shifted more to secure sparkless commutation, and thus the
demagnetizing effect of the angle of lead increases. At
higher voltage 7zg usually increases also, due to increase
of magnetic saturation under load, caused by the increased
stray field. Thus, the load saturation curve of the con-
tinuous current generator more or less deviates from the
theoretical shape. D towards a shape shown as G,
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A. GENERATORS.
Separately excited and Magneto Generator.

In a separately excited or magneto machine, that is, a
machine with constant field excitation, &, a demagnetiza-
tion curve can be plotted from the magnetization or satura-
tion curve 4 in Fig. 94. At current 7 the resultant M.M.F,
of the machine is §F,—7g, and the induced voltage corre-
sponds thereto by the saturation curve 4 in Fig. 94. Thus,
in Fig. 96 a demagnetization curve A is plotted with the

SEPARATELY |[EXQITED OR MAGNETO| GENERATOR.

DEMAGNETIZATION CURVE AND |[LOAD CHARACTERISTIC.
CONSTANT [SHIFT OF BRUSHES.

/1]

S

VOLTS

0 b | ] iy
Fig. 96.

current 0b = 7 as abscissae, and the induced E.M.F. a6 as
ordinates, under the assumption of constant coefficient of
armature reaction ¢ ,; that is, corresponding to curve 2 in
Fig. 94. This curve becomes zero at the current z, which
makes 7 g= &, Subtracting from curve 4 in Fig. 32 the
drop of voltage in the armature and commutator resistance,
ac =17, gives the external characteristic 5 of the machine as
zz,enerator, or the curve relating the terminal voltage to the

current.
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In Fig. 97 the same curves are shown under the assump-
tion that the armature reaction varies with the voltage in
the way as represented by curve G in Fig. 94.

In a separately excited or magneto motor at constant
speed, the external characteristic would lay as much above
the demagnetization curve 4 as it lays below in a generator

SEPARATIELY| EXCITED OR MAGNETO|GENERATOR.

DEMAGNETIZATION CURVE AND |[LOAD CHARACTERISTIC.

VARIABLE SHIFT OF BRUSHES,

7]
/

VOLTS
L—1 1

\
RirErEs I\
\

Fig. 97.

in Fig. 96, and at constant voltage the speed would vary
inversely proportional hereto.

Shunt Generator.

The external or load characteristic of the shunt genera-
tor is plotted in Fig. 98 wi"ch‘ the current as abscissae and
the terminal voltage as ordinates, as A for constant co-
efficient of armature reaction, and as B for a coefficient of
armature reaction varying with the voltage in the way as
shown in G, Fig. 94. The construction of these curves is