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Preface

There are many products of electrical engineering develop~-
ment which because of the degree of their technical perfection
and because of the great demand for the services they render,
have found wide acceptance by the general public and therefors
becomg commonplace. One example of this is the single-phasse
induction motor. |

The list of machines and home appliances to which thess
electric drives are applied continues to grow. Washihg machines,
refrigerators, stokers, il burners, blowers, circulating and
water pumps are but a few of the most common pieces of sequip-
ment which depend upon the single~phase induction motor for
mechanical energy. Millions of these motors are in operation
today, and the fact that they operate continuously for extended
pgriods”of time with few failures and very little supervision.
or maintenance 1s a tribute to the success of the design
engineers and the motor manufacturers who produce them.

- Present trends indicate that the single-phase induction
motor will be of greater economic¢ importance in multi-motor
machiges of industry and in the still-growing home appliancs
fielq. This economic importance justifies continued research
in theory of design and operation of this electric motor.

There are steps in design procedure that may be improved; theres
are methods of analysis of performance that may be explored;

there are unusual conditions of operation yet to be analyzed.



iv

An interest in one of the unusual conditions of operation
of the single-phase, capacitor-start induction motor led the
writer to investigate the performance characteristics of this
machine as a thesis project in electrical engineering. The
results of the investigation show a method for predicting the
generator characteristics of single-phase induction machines

which draw their excitation from static capacitors.
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GENERATOR CHARACTERISTICS OF SINGLE-PHASE
INDUCTION MACHINES WITH CAPACITOR EXCITATION
Chapter 1

The General Problem of Self-excitation of Induction Machines

The induction machine has for many years been of great in-
dustrial importance as a means for converting electrical energy
into mechanical energy. As a constant-spsed driving source, it
has been useful in a wide variety of applications. Its simplse,
ruggéd construction and relatively good operating characteris-
tics make it one of the most economical types of electric
motors,

The theory of operation and the general performance char-
acteristics of the induction machine as a motor have been
thorcughly investigated and are relatively well understood by
gngineers who have worked with rotating elsctric machinery.
‘The fact that this machine will also operate as a gensrator
has besn known sincs shortly after its invention by Nickola
Tesla in 1888. However, the details of its generator charac-
teristics are not so well known. 'There has been little incen-
tive to explore those characteristics, since only a few pract-
ical applications for them have besn found.

The fact that induction machines can operate as self-
gxcited generators sesems to have besn ignorsd by all but a
few researchers. Self-sxcitation is accomplished by means of
static capacitors placed across the terminals of the machine.

The technical literature contains a few papers which analyzs



specific applications cf this phenomencn in pclyphase machines.
Only passing reference:is madé-to.the possibilifty of similar.
characteristics in single-phase machines. This thesis deals
with applications of self-excitation in capacitor-start,
single-phase machines. | "

Since the true single-phase motor has no starting torque,
several methods of starting have been devised and ars in
common use today. The method which employs an e;ectrolytic
capacitor and a"start™ winding, in addition to the main wind-
ing, is perhaps~most ﬁidely used to obtain high starting
torque. The start winding is assembled into the machihe in -
space gquadrature with the main winding. The starting circuit,
consisting of the capacitor in series with the start winding,
is connected in parallsl with the main winding.

When voltage of correct magnitude and frequency is applied
to the terminals of the machine, its rotor accelerates to ap-
proximately 75 per cent of normal operating speed. At this
point in the starting cycle, a centrifugally operated switch
opens the starting circuit. "The rotor continues to accelerats
to normal speed, running as a true singla-phase_motgr° The
‘SPeed at which the starting circuit is opened during accéler=
ation is called "cut-out" speed.

When the soﬁrce of électric_power is removed from the ter-
minals of the motor, the rotor begins to decelerate. During
deceleration, the switeh in the starting circuit closes. The
speed at which this occurs is called "cut-back" speed and de-

pends upon the design of the centrifugal mechanism. "Cut-back"



speed 1s just below "cut-out" speed for most centrifugally
operated devices.

With the supply voltage remcved and the speed of the
rotcr less than "cut-back™ speed, the main winding, the start
winding, and the"capacitof become a clesed circuit. If ths
capacitance is of sufficient magnitude, ths conditioné for in-
duction generaticn may be satisfied. Voltages and current may
rise to values considerably higher than normal.

Machines which utilize the self-excited generator charac-
teristics hawe found ccmmercial application. Under certain
conditions these generator characteristics are found to be ob-
jectionable and thus limit application of the machine. It is
the purpose of this thesis to present a method for predicting
the conditions under which selfwexciﬁed induction generation
may occur in single-phase machines. In the following discus-
sion, such opsration is referred to aé "regeneratign"° A
method for obtaining the approximate vaiues of voltages9 cur-
rent, and torque during regeneration is also presented.

A study of this nature can be justified both by its ap-
plication to machines in commercial use and by the fact that
basic induction machine phenomena are more fully explored and
understood.

Single-phase, capacitor-start motors are used to drivs
machine tools where quick reversing or deceleration is impor-
tant:; Regeneration is used to previde braking torque which
quickly reduces the speed to approximately 25 per cent of

normal running speed. Although regeneration is not maintained



below this speed, approximately 90 per cent of the rotaticnal
energy has been removed from the rotor. Where quick reversing
is necessary, regeneration is used during the reversing cycle.

Capacitor-start motors are used to drivevhcists of limited
lifting capacity. Regeneration is employed to prevent over-
speeding of hoists when lowering a heavy overhauling load with-
out elsctric powsr. Also, it is an effective safety device if
the mechanical brake fails at a time when electric power is off.

In some applications the occurrence ¢of. regensration is
highly undesirable. Capacitor-start motors are used on auto-
matic o0il burners which are usually connected to a large amount
of thin, sheet metal ductwork. If regeneration occurs during
the decelerafion of the motor, the pulsating torque causes an
excessive vibration of the installation, resulting in undesir-
able noises. If soienoids or other elsctrically actuated de-
vices are connected in parallel with the motor, the voltage
during regeneration can cause false operation.

The above examples are cited to show the importance of a
method for predicting regeneration characteristics. It is
hoped that the following analysis can form a basis fof con-

trolling design to obtain desired regensrative operation.



Conventional Analysis of Poiyphase Induction Machines

It will be helpful in the analysis of the generator action
in a single-phase induction machine to review the characteris-
tics of the polyphase machine as a motor, generatcr, and braks.

The polyphase machine consists essentially of the follow-
ing components: (1) stator, made up of a laminated iron core
containing slots into which the main, cr primary, armature
winding is assembled; (2) rotor, made up of a laminated iron
core with a winding in elots on its periphery; (3) shaft, end-
shields, bearings, and other mechanical parts. |

The conventional analysis of balanced polyphase machins
performance is based on the idea of a magnetomotiﬁe force (mmf)
of constant magnitude revolving at constant speed around thse
air gap. This revolving magnetomotive force is produced by the
simultaneous action of currents in two or morse windings on the
stator, physically displaced in space at an angle which depsends
upon.the number of phases and poles. ‘whe windings must be sup-
plied with currents which vary sinusocidally with time and which
are displaced in time at an interval depending upon the number
of phases. The direction of rotation depends on the phase se-
quence of the applied voltages and the polarity of the windings.
The speed of the field in the ailr gap is directly proportional
to the freduenoy of the cofrents and inversely proportiocnal to
the number of poles. If the frequency is constant and the num-
ber of poles fixed, a definite value of speed results,.and:this

value is known as synchronous speed.
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5 (1)

ng = synchronous spesd in revolutions per minute (rpm)
= frequsncy in cycles per second (cps)

P, = number of poles in stator armature winding

For mathematical analysis, it has been found convenient to
use the relative speed betwsen the revclving fiseld and the
rotor instead of the actual rotor spsed. 'the difference be-
tween synchronous speed and actual roter speed 1s known as
"slip". Slip can be expressed in terms of synchroncus speed

as foilows:

where

s = slip

n = actual rotor speed in rpm

If the rotor of the machine is not turning at the same
speed as the revolving field, there 1s a relative spsed be-
tween the rotor conductors and the field. A voltage will
therefore be generated in the rotor eonductors, and the valus
of that voltage can be sexpressed as follows:

g o Blv (3)

where o

8 —— 1instantaneous slectromotive force

fldx density of magnetic fisld

lus]
[

1l = 1length of rotor conductor

v = velocity of rctor conductor with respect to the field



If the rotor circuit is closed, currents will flow. 'the
physical force which is developed between the rotor currents
and the revclving field produce a tcrque in the same direction
as field rotation at all rotor speeds between standstill and

synchronous speed.

F OC Blir (4)
where |

F == force on the rotor ccnductor

ip== current in the rotor conductor
This force, acting at ajfixed radius from the center line of
the shaft, produces motor torque. The torque of a polyphase
machine is constant with respect to time when the speed 1is
constant. |

At'synchronous‘speed the rotor ccnductors haye no relative
motion with respect to the revolving field. Thereforse, no cur-
rents are induced in the rotor, and no torquebis produced.
Normal motor operation, then, is at a speed slightly below the
speed of the field.

Since motor operation ié between synchronous speed and
standstill, the values of slip which represent motor operation
are between 0 and 1. If the roter is driven in a direction
opposite to the field rotation, the condition is représented
by positive values of slip greater than 1. This is a condition
of brake action, since the electromagnetic torque is in the

direction of field rotation, but opposite to shaft rotation.



If the rotor‘is driven at speeds above synchronism, the
relative motion between the rotcr conductors”and the magnetic
field is reversed. Rotor voltages, currents, and torques are
also reversed. Because the actual rotor speed is greater than
synchronous spseed, ﬁhe slip is negative. Anrinduction machine
operating at a negative slip is known as an induction gensrator.

Turning now to a more detailed analysis of the voltages,
currents, and torques in the rotor winding, it will be noted
that the frequency of rotor voltages and currents can be ex-

pressed in terms of stator values as follows:

fo = sf; (5)
where
fs = frequency of roctor voltage and current
Since equation (1) gives the spesed of the field with-
respect to the stator, and

120 fs (6)

o ==
2 Py

is the speed of the field with respect to the rotor, then

_ _ __ 120 13 e
n =— ns n2 - _.___p.i._ (l S) (7)

is the actual rotor speéd°

When the rotor circuit is open and the rotor is at stand-
still, (s = 1), the machine is electrically equivalent to an
open-circuited, static transformer. Assuming that the rotating
magnetic flux in the air gap is distributed sinusoidally, the

effective, or root-mean-square (rms), value of the stator



induced voltage is
E:444f1\r¢1o'8K-K (8)
1 ° 1t1°m Py "dy

where

rms volts per phase in stator winding

t
'—J
[l

series turns per phase on stator

== maximum flux linking a full-pitch turn on stator
= pitch factor of stator winding

K4.= distribution factor of stator winding

and the roter induced voltage at standstill is

B, = 4.44 £ Nof, 10 Kps Egp

where

53]
[

rms volts per phase in rotor winding at standstill

=
[l

series turns per phase on rotor

[l

sz pitch factor of rotor winding

Kdé:: distribution factor of rotor winding

When the rotor i1s turning, the value of the rotor
voltage is sEzo |

The dsual form of the rotor winding is that of a squirrel
cage, and this type of winding produces an effect_qquivalent to
that of a wound rotor with the same number of poles and phases
as the stator. When the rotor and stator have the same number
of phases, the rotor voltage can be expressed in terms cof the

stator vcoltage in the manner of transformer equivalent values
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using
Ny Kpy Kgg
2 N Ky, K (10)
2 Spg “dp
whers
a — ratio of transformaticn between rotor and stator.
Then
— ]
aEz = By = El (11)
where
Eé — wequivalent rotor voltage in terms of stator

If the rotor circuit is now closed and at standstill,

(s = 1), then
- B By By hapl %2

FTLTREL T o L ®
| (12)
where
I, =—— rms amperes per phase rotor current
Rz :5—ohms per phase effective resistance of rotor winding
sz“‘ ohms per phase leakage reactance of rotor winding
at frequency fl, or
X; = 2Tl | (13)
where -
Lz — henrys per phase rotor leakage inductance.

The frequsency, fz, of the rotor voltags at any positive
slip is given in equation (5),-and the rotor leakage reactance
is ZTTfBLZ’ or

2rr(sf.) Ly = sX, (14)
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When the rotor is turning at slip — s, the rotor voltage

is sEg and the currsent is

sk sE .
I, - = 2 (15)
gtisky ‘\/R§+(SX.2)2
Dividing numerator and denominator by s ,‘
E‘~.
I, = c (16)

This equation implies that the rotor may be represented

by the series circuit shown in Fig. 1.

rFig. 1
Equivalent c¢ircuit of the rotor
of a polyphase induction motor

If Eo is constant, a vector diagram may be drawn to re-
present the current and voltage which are varying sinusoidally

with time.
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1 4
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A /
TZAN /
TRy
S

Fig., 2
Vector diagram c¢f the rctor
of a polyphase induction motor
‘I'he heavy solid lines in #ig. 2 represent Ez and Ig for
a constant value of slip. The light solid line shows the
circular locus of 12 when slip is allowed to vary from - =°
to+eo.
The total power input to the rotor circuit is IZ <~ )
Slnce the actual loss in the rotor circuit is Ig R2 the
remalnder represents the electromagnetic power converted to

mechanical form.
R
2 2 2
Paov = I3 ("g‘)" Iz By
= 1°g (L-1) = 18R ( lzs) (17)
: - -2 S

1he circuit of Fig. 1 can now be modified to represent

powerblost and power developed.
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Flg° 3
Modified rotor circuit showing flctltlous
resistance which represents mecnanlqal load

Substituting equation (16) intc equation (17), the powsr
developed is given in terms of rotor voltage, :
Pdev — ;
K ) +X2] s ;
in rotatlon, power can be expressed as
P = _In (19)
dev 7.04 : |
whers
Pdev — power developed in'watts
iy — torque in pound-feet

Paev :
T = .0 -
T 7.04 o (20)

Substituting equation (7) and (18) in equation (20)y

. ~ 2 ) .
120 f; '
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Often the torque of an induction motor is expressed by the
term in parentheses of equation (21). The name of the unit of
torque obtained by this expression is the "synchronous watt".
The actual torque in pound-feet is

T — _Eégé times (synchronous watts) (22)
]

Thus far in the analysis, it has been assumed that E, was
constant. Actually, there is a stator impedance voltage drop
that causes E, to vary, even when the terminal voltage of the
machine is held constant. This effect may be analyzed by con-
sidering the condition of stator input when the rotor is turn-
ing at synchronous speed, (s ::§)). From equation (15), sE,
equals zero, and I, equals zero. Also by equation (16), as
slip approaches zero, R_ approaches infinity, and the rotor
impedance approachss izfinity. In the limit, the rotor circuit
acts like an open circuit and 12 equals zero.

The input to the stator under these conditions is equiva-
lent to the input of an open-circuited transformer. The magnet-
izing current is much greater than that of a transformer because
of the air gap between the rctor and stator. The power input |
supplies stator copper losses, I? Rl' and the iron losses dus

to the main flux. The equivalent circuit which represents this

condition is shown in Fig. 4.



whers

then

whers

Tl

the
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' Fig. 4
Equlvalent circuit of a polyphase induction
motorvrunnlng at synphrcnous speed (s = 0)

Iy = ,;¢—f Inte (vector addition) - (83)

rms amperes per phase stator current

Mégnetiiing éoﬁponehf of stator current

'irOn-loas'component of stator current

vector sum of I¢ and Ih+e

flctltlous r951stance through Whlch iron~loss
component of stator current, I, o, flows (Fig. 4).

poWer'component'Of the no—loaa current is ﬁeglec£ed,
By = V(=i ) (RpHK ) = 1K, = B (24)

ohms psr phase effectlve resistance of stator
winding

ohms per phase leakage reactance of stator
winding at frequency,fl ,

magnetlzlng reactance through which the magnetiz-
ing component of stator current, I¢, flows ' ‘

volts per phase applied stator voltage.
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. Im"’-z; al s=0

The vector diagigﬁ gf & polyrhase
induction motor at synchronous speed (s=0)

The magnetizing component of the stator current, Iﬁ! is
very large compared to the iron-loss component, Ih+e' becauass
of the high reluctance of the air gap. Therefore, the machine
at synchronous speed has a very low, lagging power. factor. 1If
the machine is allowed to develop power sufficlent to overcoms
its own windage and friction losses, only a small in-phase

component of current will be added to the input current. Then

the induced stator voltage at no-load as a motor is

E=~ V, -1.X

1 1 - L% (25)

because the IlRl drop is almost perpendicular to vl and has a
negligible effect on the magnitude of El‘

The rotor voltags, Ea, is proportional to the stator volt-
age, El, and therefore the magnitude of Ea varies with the mag-
nitude and phase angle of Il‘ The stator current, Il, varies
with load and therefore the rotor voltage changes with load.

If all of the values shown on Fig. 3 are expressed in

terms of the stator by means of the ratio of transformation, a,
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the circuit components have the values shown in Fig. 6.

Fig. 6
Rotor circuit in terms of the stator
A combination of the circuits in Fig. 4 and Fig. 6 yields
the exact equivalent circuit of the polyphase induction motor,

?ig. 7.

=y

Fig. 7
Exact equivalent circuit of
a polyphase induction motor
This equivalent circuit derived from the revolving-fisld

theory shows lumped machine constants in a network similar to

the equivalent circuit of a two-winding transformer with a pure
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resistance load. Fig. 8 shows a vector diagram representing

motor operation with a normal load.

Fig. 8
Vector diagram of a polyphase
induction motor with a ncrmal load

The exact expression of developed torque in terms of ap-

plied voltage is somewhat unwieldy, but a very gcod approximat-

ion is as follows: +

2
P — _7.04 V1 Bz
D

= (26)
s(Ry+22)° 4 s(x;+ x3)°

1l A.F.Puchstein and T.C.Lloyd, Alternating-Current
Machines, p. 251
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''hne constants for a 3-hp, 220-volt, 3-phase, 60-cycle,

4-pole induction machine are as follows:

Rl = 0.851 ohms per phase, Xl = 1.1 ohms per phase
Ré = 0.589 ohms per phase, x_'z = 1l.1 ohms per phass
T, = 374.0 ohms per phase, X3 = 37.3 ohms per phase
Core loss (Ph+e) = 42 watts per phase

Fricticn and windage loss(P 23 watts per phase

f+w) =

The above constants are used in the exact equivalent cir-
cult of Fig. 7. Table I shows values of stator current, powsr
factor, power input, power output, and torque for various as-
sumed values of slip from plus two to minus two. The magnituds
of the air-gap voltage (El:: Eé) is also shown. Fig. 9 is a
plot of torque, mechanical powser, and air-gap voltage vs. slip.

The most interesting points shown by the curves of Fig. 9
are: -

(1) Maximum torque input of the machine running as a gen-
erator is approximately 2.6 times the maximum torque ocutput
when operating as a motor.

(2) The air-gap voltage, (El:: Eé), drops toc approximately
50 per cent of the applied voltage at siip equal to one and re-

mains practically constant at all higher values of slip.
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TABLE I

Polyphase Induction Machine Characteristics
3-hp, 220-volt, 3-phase, 60-cycle, 4-pole

1 2 3 4 _5 6 7 8 9
Fower- Power-
Speed factor factor BElect. Mech. Torque Air-gap

(rpm) Slip Current angle (cos ©) power power 1b.-ft. voltage
input input

-1800 2.0 52.0 62°30' 463 3050 -750 2.84 57.5

- 900 1.5 50.7 60°30' .492 3150 -471 3.60 57.2
Motor action input output

0 1.0 48,2 57" .9545 3260 0 4.86 58.2

360 0.8 47 .0 53°30' .595 3530 321 6.18 61.0

900 0.5 42 .6 47°20' .678 3660 1015 8.16 68.3

- 1260 0.3 36 .3 40° 767 3540 1680 9.29 78.5

1440 0.2 29.6 33°20' .B37 3120 1890 9.13 89.0

1620 0.1 18.5 25°20' .905 2115 1615 6.92 105.0

1710 0.05 10.7 25° . 906 1235 1055 4,25 114.0

1800 0.0 3.3 84°25' .100 42 0 0.00 123.3

Generator action output input .

1800 -0.05 11.6 150° -.866 -1273 -1507 - 6.0 130.2

1980 =0.1 23.0 146°36' -.836 -2440 =-3190 -12.6 133.2

2160 =0.2 43.4 125° -.574 -3160 -5410 -21.3 123.0

2340 -0.3 50.8 113°36' -.402 -2600 -6370 -25.0 112.0

2700 =-0.5 56.9 98° -.104 -1010 -5700 -22.4 91.4
input input

3240 =-0.8 57.7 87°18' .047 345 =~-4500 =17.7 76 .2

3600 =1.0 58.0 82° . 139 1025 -3700 -14.6 70.3

4500 =-1.5 56.8 77%*30* 216 1560 =2990 =-11.7 64.3

5400 -2.0 56 .6 75"° «259 1860 -2650 -10.4 62.4

1. Positive speed is in the direction of the field rotation.

2. Positive slip indicates rotor speed lower than synchronous
speed. Negative slip indicates rotor speed greater than
synchronous speed. '

3. Effective(rms) current magnitude

4, Time angle betwsen the current and the applied voltags

5. Cosine of the angle between the current and the applied
voltage

6. Power in watts per phase. Fositive power means that electric
power is being supplied to the machine.

7. Positive power is motor action.

8. Mechanical torque is in the direction of rotation for motor
action. It is opposite to shaft rotation for generator and
brake action.

9. Magnitude of E; = E}



.....

i e oW 1704 us kvl | o E
| | T m

| | |
i
1

| ! . >
e

O e o i MR SER B 5 i el e “-.. feis
|

VY

<
™
]

S | R B L L A B mkﬁﬁ

by
b A7

w2224 IR (D oo i 1 Sl R i SR S M.

L = i 1
__ “ “__.m

=1

|

g

]

I

{
Vs g
QTH S

i

i FJovm
PR GaoW SR 30 Heuy B oong o 01 ™

PR YR, T C T L N S Mlame e



22

One assumption, which adds some.error butigreatly: simpli-
fies the circuit calculations,; allows the magnetizing branch

to be placed across the terminals of the machine as shown in

X; X; g Ril.

.B‘igo ‘lo.o . o ) R .
AN BET PO P AAANA
_._) . R
Z —
. Z,
Vl% | 1 f1=5
v 'i 7 (59
Fig. 10

Approximate equivalent circuit
of a polyphase induction. motor

If Vl is constant, a vector diagram'representing the sin-
usoidal currents and voltage can be drawn as in Fig; ils -

\

N
1>

+

n

¥
/

, LK)

. __‘ Y

=

2

=
N

/

r_____
L
ERES
=
e

[

Fig. 11
Vector diagram representing the approximate
gquivalent circuit of the polyphase induction motor
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The locus of the tip of the current vector as slip varies
from —ceto+ecois again a circle. This fact is the basis for

the familiar "circle diagram™ which may be constructed from no-
load and blocked rotor test data on a polyphase machine.

Table II shows the characteristics of a 5-hp, 1750 rpm,
220-volt, 3-phase, 60-cycle, NEMA Design A, Westinghcuse Life-

line motor from dynamometer tests.

Table II

Dynamometer 'l'ests on a S5-hp, 1750-rpm, 220/440-volt,
3-phase, 60-cycle, Westinghouse Lifeline Induction
Motor, NEMA Design A

Current Power- Elect. Mech.
at 220 factor Powsr- power powsr Torque
Speed  Slip volts angle factor_ _input output 1lb.-ft.

0 1.0 83.0 51.8" .620 6533 0 9.5
1500 0,167 -- - - - 2820 13.2
1580 0.122 41.8 565 .805 4267 2660 11.9
1650 0.083 33 .2 32.4° 846 3567 2460 10.5
1690 0.061 27.2 32.7° 843 2907 2190 9.1
1720 0.044 21.6 28.8° .879 2408 1880 7.7
1730 0.039 17 .7 30.4° 864 1942 1550 6.3
1750 0.028 14,1 32.8° .842 1507 1220 4.9
1770 0.0167 11.0 37 .4° « 797 1117 875 3.9
1780 0.0111 B8.44 46 .5° .690 739 548 2.17
1792 0.0045 6.4 65.0° 421 342 181 0.72
1802 0.0 5.92 90.0° .000 0 - 63 - 0.24

output input
1810 -0-0055 7.5 119!5. ‘0492 - 467 - 530 - 2006
1820 -0.0111 9.1 128.5° -.622 = 720 - 829 - 3.22
1830 -0.0167 10.8 135.0° -,708 - 973 -1092 - 4.2
1850 -0.0k8 14.9 140,8° =775 =1467 -1660 - 6.3
1860 -0.033 18.7 142.8° -.797 =1902 =2230 - 8.4
1885 -0.047 24.2 143.0° -.799 =2458 = -2990 -11.2
1900 -0,055 '30.0 140.4° -.770 -2933 -3730  -13.8
1930 -0.072 37.0 139.4° -,788 =3560 ~-4810 -17.5

1950 -0.083 40.5 136.9° -.730 =3743 -5350 -19.3
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Fig. 12 is a circle diagram of the same machine obtained
from no-load and blocked rotor tests. Data frcm those tests

are as follows:

Power Voltage Power
I; psr factor Power- psr psr
pha se angle factor pha ss phase
No-load 6.0 82.5: «131 127 100
Blocked rotor 83.0 51.8 .618 127 6533
R, = .46 ohms per phase at 25 c.
Ré = .4 ohms per phase at 25 c.
Kl é = .7 ohms per phase at 60 cps.

A plot of the locus of the tip of the current vector ob-

tained from the dynamometer tests is also shown.
Table III

Operating characteristics which may be
obtained from the approximate circle diagram Fig. 12

Motor Generator
Current .08 of
Powsr factor oa/oe oa/of
Power input ae af
Power output de af
Efficiency de/ae af/df
Torque ce cf
Slip cd/ce cd/daf
Stator copper loss be be
Rotor copper loss cd cd
Constant losses ab ab

(Pw+f and Ph+e)
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conventional Approach to Single-
phase Induction Motor FPerformancs
The stator of a single-phase motor, having only one wind-

ing, is capable of producing a magnetomotive force in only one
space axis of the air gap. Witn a sinusoidal distribution of
conductors in ths slots of the'spator,hppe practical machine
can be made to have vef¥ n§ar;y sing§Qidai distribution of mmf
and flux in its air é;pff;Aééﬁmgkéhéyéinéié—phasehstator flux
to be sinusoidally distributed in space, and varying sinusocidally
in time. Then if 2T is the wave length of the space distribut-

ion, the flux may be represented by 2

g = ., sin J,.,_'[-’E cos wt (27)

— 9%% [sin(_},I; ~wt) + sin (I',,-,E-fwﬂ (28)

whers
. T = stator pole pitch
' ¢ — instantaneocus value cf the air-gap flux
¢max=: maximum value of the air-gap flux
™ = 3.1416

X = . distance around the air gap from reference point

(variable)

W = apgular velocity (271Tf)

t = time (variable)

2. L.V. Bewley, Alternating Current Machinery, pp.195-196
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 Equation (28) says that the instantaneous value of the
fleld along the axls of the stator winding'is-made up of the
sum of two equal and constant quantities revolving in opposite
direétions at the same angular velocity. The constant magni-
- tude of ﬁhe revolving:quantities is one-half of the maximum
magnitude of the origihai alternating field. A vactor diagram
of this concept is shdwn in Fig. 13.

R
i b el decky
: b5 de wt=120°  wite/s0" wt=)8°
wt=o Wt =90° » . o A
b= B $=o 456

Vector.diagrams rgéfésggting a stationary

alternating fleld by means of two equal

flelds revolving in opposite directions

The effects of each of the revolving fialdg?may‘be cénf

gldered separately, using the same approacnlas’waﬁqdevaiﬁpéd
for the polyphase machine. This méthod of analysis of the
single-phase machine i1s called the double-revolving-field
method. Another prominent theory which explains single-phase
induction motor operation i1s called the cross-fleld theory.

Other methods of explanation are possible, but none of them

have received full mathematical treatment.
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When.the rotor of the single-phase machine is at stand-
still, the voltage induced in the rotor winding is due only to
single-phase transformsr action. If the ‘winding is short-
circuited, rotor current will flow.  ''he rotor mmf will be in
the same space axis as the stator mmf and will oppose it.
Analyzing this condition by the'double-revolving-ﬁield me thod
yields a solution of equal and\Opposite torquses due to the two
fields. No resultant torque is produced at standstill.

As thefrotor'speed increases, the value of torque due to
the forward fisld increases, While that'due to the backward
fisld dqcreases. The averags resultant torque is in the diresc-
tibn of rotation, tending to.acceleréfefthe machine. This con-
dition may be represented by the action of two magnetic fields
of different magnitudes revelving in opposite direction at the
same angular velocity. Fig..l4ishows a seriss of vector dia—
grams representing the effect at approximately one-half syn-

chronous spsed.

e wie S

" Fig. 14
Vector diagrams representing a revolving
M"glliptical™ field by means of two unequal
fiselds revolving in opposite directions
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Note that the locus of the‘tip of the resultant flux

vector is an ellipse.v This type of rotating magnetic field is
often referred to as an "elliptical"” fieldog The average speed
is synchronoﬁs speed, but the instaﬁtaneous angula: velooity
changes. The magnitude of thq field also changes at a frequency
whioh is twice the frequency of the stator voltageo. Thus the
rotor vbltage and current are made up of components dus to both
thé forward.and backward fiqlds. The current due to the forward

field has a frequency of sf ,'whiie the current due to the

1 ,
-badkward field has a frequency of (B-S)fl° _Although the avé:age
résultant torque is ih the direction of rotation,'it pulsates
at a frequency (2-s)fl.- Under certain operating conditions,
its instantaneous value may even be'iﬁ the direction opposits
to rotation.

When the rotor of the single-phase induction maéhine is
near synchronous speed, the effect pf the backward revolving
field upon the air-gap flux is greatly reduced. The resultant

revolving field;.due to the combined effect of stator and

moving rotor, is almost "circular".

3 A stator which has two windings displaced 90° in space,
supplied with two equal currents displaced 90° in time, pro-
duces a "circular"field. If any one of thess conditions is
not satisfied, an elliptical field results. Practically, all
single-phase machines rely on the action of an elliptical field
‘during the starting cycls.
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The eQuivalent circuit of the single-phase motor which
évolves from the double-revolving-field analysis is shown in

Fig. 15.

R XN
AN TITI I 0
T .
g
h X
 %_
-
2 2B
Fig. 15

Exact squivalent circuit of
the single-phase induction machins
A cOmparisén‘between Fig. 7 gnd.Fig° 15 shows the terms
that must be added to the polyphase circuit to represant.the
effects of the backward revolving field for single-phase
operation.

: »Note that only one-half the value of rotor impsdance com-
ponents is assigned to each of the fictitious rotors. The no-
lbad 6r mégnetizingbcurrent'is therfore approximately twice the
;value_required for polyphase cperation with equivalenﬁ machine

P’

-constants.
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The constants for a 4-hp, 110-volt, 60-cycle, single-

phase, 4-pole, induction machine are as follows:

Ry — 1.86 ohms, X, = 2.76 ohms
Ré/z = 1.78 ohms. | 'é/z — 1.28 ohms
Ty assumed infinite, Xm/2 — 26.8 ohmns
Ph+e neglected, Perw 13.5 watts

The above constants are used in the equivalent circuit of
Fig. 15. Table IV shows valuss of stator current, power-factor,
powsr input, powsr output, torqus, "forward" roter voltags, and
"backward™ rotor voltage for varioﬁs éssumed values of speed
- from standstill to three times synchronous speed. Since the
forward field for one rotation becomes the backward field for
opposite rotation, the curves ars symmetrical about the axis of
zer0 spesd. It is sufficient to complste calculations for
positifgigiips_from zero to one, and for negative slips from
Z6T0 tbﬂﬂihué two., Fig. 16 is a plot of torque, mechaniecal
power, aﬁd'rotor voltages versus slip.

The most intérésting points shown by the curves eof Fig. 16‘
are:

(1) Maximum tofque'of the machine running as a generator
isvapproximately three times the maximum terque when operating
as a metor.

(2) The voltage across both the forward and backward rotor
“¢ircuits drops to approximately 30 per cent of the applied
voltage at s —= 1.

(3) At synchronous speed, the voltage on the forward

rotor 1is apprdximately 85 per cent of the applied voltage
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“while the woltage on the backward rotor is only five per cent of
the applied voltags.

(4) When the slip is approximately 0.15 negative, the
voltage on the forward rotor reaches its maximum value of 95
per_cent of the applied'voltage. ‘As slip increases negatively,
this voltage again decreases, approaching 30 per cent of the
applied voltage in the limit.

(5) When the negative slip reaches O.5, the voltage on the
backward rotor increaseé from its minimum value to approximately
30 per centiof the applied voltage. It remains practically con-
stant at this value as the slip becomés increasingly negative.

The complete equation of the current of a single-~phase
induction machine is quite cumbersome, but with algebraic ma-
nipulation it can be reduced to a form which may be recdgnized
as a cirﬁle,é Fig. 17 shows the locus of the tip of the current
Yectoﬁ for the machinermentioned above. These values were ob-
tained by the step-by-step method, assuming various values of

Slipo

| g A. S. langsdorf, Theory of Alternating Current Machinery,
ppo 6 8""6719 and 678"‘6800 .




Table IV

- ?ingle—phase induction maéﬁine charactaristics
4-hp, 110-volt, 60-cycle, 4-pole, single-phase

Power Power ‘ Forward Backward
factor factor Elect. NMech. Torque rotor rotor
Speed Slip Current angle (cos &) power power 1b.-ft. voltage voltage

input output output

0 1.0 15.3 45.5° .700 1178 0O © 32.2 32.2
360 0.8 14.8 45.0° 707 1150 25  0.49 36 .2 28.1
900 0.5 13.4 41.6° 747 1102 160 1.41 47 .5 22,2

1260 0.3 11.0 37.0° .800 968 362 2.02 62 .4 17.4
1440 0.2 €.7 36.00 810 779 385 1.88 71.5 13.3
1620 0.1 5.8 41.0° .755 482 316 1.37 84.0 8.7
1710 0.05 4.4 53%.80 .591 287 190 0.78 90.0 6.6
1800 0.0 3.6 87 .0° .053 24 - 24 -0.094 96.0 5.3
B output input input
1890 -0.05 5.0 115.0° -.423 - 233 - 336 -1.25 101.0 7.3
1980 -0.1 7.2 126 .0° -.588 - 4865 - 730 -2.59 105.0 10.7
2160 -0.2 1z.5 123.0° -.531 - 731 -1548 -5.03 102.5 18.1
2340 -0.3 16.6 113.1° -.392 - 716 -2180 =-6.55 94.0 23.8
2700 -0.5 20.2 97.00 -.122 - 266 -2310 -6.05 71.6 29.0
R input ,
3240 -0.8 21.1 85.0° .087 202 -2110 -4.60 51.8 29.0
3600 ~1.0 21.3 81.8° .145 340 -1990 -3.89 45.0 28.6
4500 -1.5 21.0 76 .29 .239 552 =1750 =-2.73 35.0 27.5
5400 -2.0 20.9 73.8° .260 645 -1630 =2.13 31.2 27.2

e
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Chapter 11

Self-excited FPolyphase Induction Machines

It has long been known that an isclated polyphase machine
can operate as a self-excited generator under certain ccnditions.
Mr. C. F. Wagner explains why there has been a lack of interest
in the characteristics of such operation until fairly recently.

"The reason for this paucity.ofpapars and artic¢les
lies in the relative mincr practical importance of the
subject. However, the increased use during the past few

- years, of capacitors for powsr-factor correction, has
placed a new aspect upon this problem. If the powsr supply
to an induction motor 1s disconnected, the inertia of the
connectad rctating load tends to continue the rotation of
the armature. The extent to which this occurs is dependent
upon the nature of the load and in certain cases the arma-
ture may continue to rotate for seconds or minutes. In
addition, applications are kncwn in which gas or gasolinse
motors are connected to the same shaft with the induction
motor and the utilization device, sc¢ that, in the event of
the remcoval of the electric-powsr scurce, the armature can

"actually increase in spesd and remain at the incrsased
speed until manual readjustments are made. With capacitors
connected across the terminals ¢f induction machines which
have been disconnectsd from ths electrical source and in
which the armature continues to rotate; the valus tc which
the terminal vcltage :will rise due to self excitation is
dependent upon the speed, valus of the capacitor, and load.
With the regulatory function of the pocwer source removed
the terminal voltage may rise tc dangerously high voltages =
dangerous with regard to human life or dangerous with regard
to insulation breakdown. FParallel-connected lights might
also burn out with but a nominal increase in voltage. It
may bs seen, thersfore, that this problem has been removed
from one of purely academic interest to one of practical
importance."

1 ¢C. F. Wagner, "Self Excitation‘of.Induction Motors",
A.I.E.E. Transactions, Vol..58 (February, 1939), pp. 47-51.
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The problem cf dynamic braking of poclyphase machines by

sglf -excltation was analyzed by Srinivasan and Thomas in 194’7,2

Since the theory of generaticn in polyphase induction
machines presented in the above references can bes used as a
basis for analysis of generation in single-phase machines, the
psrtinent information recocrded in those papers will be reviewsd.

The conventional equivalent circuit of the polyphase in-
duction motor as shown in Fig. 7 is used as a basis for the
analysis. The copper loss in the rotcr circuilt is neglected.
‘the impedance of the magnetizing branch is assumed to vary in
accordance with the saturation curve of the machins.

"The particular velt-ampere characteristic for any
motor will depend upon the saturation of the iron of that
machine. The wave form of the voltage is mnearly sinusoidal
and little error is introduced by such an assumption. The
frequency is assumed to be that determwined by speed alone
without regard to slip. This will introduce considerable
error at low voltages where the generator action is disap-
pearing, but does permit a simple graphical solution for
the operating conditions. A more exact method based cn a
cut and try solution is available if thought necessary. . .
The wvery considerable tolerance in the capacitance of ca-
pacitor units makes a simple solution sufficiently accurate
for the purpoge of specifying the capacitors for a given
application.” : : S

2 A. Srinivasan and M. A. Thomas, "Dynamic Breaking by
Self-Excitation of Squirrel-Cage lotors",. A.l.E.E. Transactions,
Vol. 66 (1947), pp. 145-148. "
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With the above assumpticns, the equivalent circuit reduces

to the approximate form shown in Fig. 18.

Fig. 18
Approximate equivalent circuit for
the determination of operating conditions

Assuming a perfect capacitor, the current IC will lead ths
voltage by 90 degrees as shown in the vector diagram of Fig. 19.

Then the generated vcltage El may be expressed as:

By = V43I, R+ 5x) (29)

or approximately

El ~ 'Vl - Il Xl (30)

because the Il Rl drop is perpendicular to V., and has a neé- “

1
ligible effect upon the magnitude of Elo

27,=-I.
E TX.
B oo _ ;TI,R’
v

Fig. 19
Vector diagram of a capacitor-
excited induction generator at no-load
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In general, the induced voltage in the armature winding

of a rotating machine is a function of flux and rotor spsed.

] ol
El ¢ln (31)
or
¢ o< _E_;L_ (32)
, n
The flux is a function of the magnetizing current, and
therefore
E | 33
Iy o< tt (33)
T _

If the valuss of the effective resistancse, Rl, and the

leakage reactance, X.,, are known, the induced (air-gap)

1’
voltage, El, may be determined from readings of input Qoltage,
current, and power when the machine is running at no-load as a
motor. A plot of current versus induced voltage yislds a sat-
uration curve for the spsed at which the test is taken.

The impedance of the capacitor is

where
X = ohms capacitive reactance of capacitor
C

= capacitance of capacitor in farads

Then
L= (Bwflc? (35)
where

IC —- 1rms amperses through capacitor
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If the effect of slip upon the frequency of the generatsd

voltage is neglected, then

£ i (36)
1 — 120 ’
Substituting equatien (36) into equation (35)
1 = Z2memnt g (37)
c 120 1

Equation (37) can be made a functicn of Vl/n by multi-

plying numerator and dencminator by n.

2
. :AprlnC, v

. —d (38)
c 120 n

Note that both equations (25) and (30) give the stator

induced vcltage and that

Vl =~ El+-Ile (39)
in both no-load motor and no-load generator operation.

It is therefore possible to use the plot of terminal voltage
versus current obtained from no-lcad tests as a generator or
a motor to obtain the saturation curve which is thse basis for

predicting generator characteristics. For greater utility the

saturation curvse should be plotted as a function of Vl/no

< _X.l_ (40)

I¢ =
If Py, B, and C are ccnstant, then equation (38) is a
straight line when plotted on the no-load saturation curve.
The interssection of the straight line and thse saturation

curve yields a graphical solution to the simultanecus equations
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(38) and (40). This solution is the steady-state operating
condition of current and vecltage for the.given speed and
capacitance.

Table V is the results of a no-load, running-free test on
the 5-hp, 1750—rpm; 220-volt, 3-phase, 60-cycle, Westinghouss
Lifeline motor to which previous reference has bsen madef Fig.
20 is a saturation curve for the same machine. Several stréight
lines, representing the solution of equation (38) for different
values of capacltance are also shown. The particular values
which represent rated voltage‘conditions at rated speed should
be ncted. |

Also shewn on Table V and Fig. 20 are results of a test
on the machine when driven at 18C0 rpm and excited with capac-
itofsg The saturation curve fér the generator follows the
curve cbtained from the motor no-load test very clossly.

Equation (38) may be written as follows

Vi _ w20 ., 1 I

Differentiating equation (41) with respect to Ic yields

the slope of the line.
@
n/ _ 120 . 1 (42)
dIl 27Tpl n“e

The slope of the line varys inversely as the capacitance

end inversely as the square of the rotor spesed.



Table V

No-load saturation data on a 5-~hp, 1750-rpm,
220-volt, 3-phase, 60-cycle, Westinghouse
Lifeline Motor

. «Motor. (no-load) - Generator (1800 rpm)
’ C per -
Vi per I, per V; per phass Vy{ per 1, per V; per
phase phase rpm (micro- pHase phase rpm
{volts) (amps) (volts) farads) (volts) (amps) (volts)
46.2 1.8 0.0256 93 71.6. 2.7 0.0398
B3.3 = 2.1 0.0296 99 102.5 4.2 0.0570
- B7.8 2.3 0.0321 114 123.0 5.6 0.0684
63,1 2.5 0.0351 129 134.0 6.9 0.0745
69.6 2.7 0.0387 135 139.0 7.7 0.0772
-3/‘75el 209 090418 153 14590 809 ' 000806
80.1 3.2 0.0445 159 147.0 9.4 0.0816
8700 504 090484 v '
104.0 4,2 0.0579
115.0 4.8 0.0639
123.1 5.6 0.0685
127.0 6.0 0.0707
1133.5 6.8 0.0741
139.8 7.6 0.0776
145.6 8.8 0.,0809"
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The powsr delivered to the machine during regeneration
must be sufficient to supply friction and windage loss, iron

R - .
loss, stator winding I, R, loss, and rotor winding 12 R2 loss.

171
Friction and windage loss for rated speed may be obtained from
the standard no-load saturation tesﬁ° The equivalent retafding
torque may then be calculated. To obtain the values of fric=-
tional torques at other speeds, e dynamometer tacst may be ad-
visable;

Iron loss as a functien of vcltage at rated frequency is
also obtained from the no—load saturation test. However, in
applications of regeneration involving braking action, or de-
celeration, the frequency and flux density of the magnetic
field may very through wids ranges; Iron loss is made up of

hysteresis loss and eddy current loss, each of which varies

- with freguency and flux density as shown in equation (43).

P =— P 4P -
“h+e h+ 6 :

P = f Bl°6 s P = f2 132 : (43)
‘h T 71 > Te TT1 ,

'No-load saturation tests at several different‘frequencies
may.Bekneeessary to obtain’the gffect of the individual com-
vponentsgf‘From a family of cufves, the total loss may be ob-
tained af various frequencies and flux densities. The total
- iron loss may become an appreciable rart of the total loss if

.the flux density rises to a high.value° It will be shown that
| high voltage and flux density are not uncommon in scme appli-

cations of self-excited generation.
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The statar Ii Rl loss is réadily calculated from the cur-
rent obtained in the graphical sclution of equations (38) and
(40) for the particular speed and capacity being ccnsidered.

Rotor Ig R2 losges are neglected since slip is assumed neg-
ligiblésthroughout this method of analysis.

For steady-state operation the summation of the retarding
torque caused by the above losses must be overcocme by some con-
tinuous driving source. 1If no source is present, the torqus
will decelerate the revolving mass. Froblems involving decel-

eration time are solved using the rotational equations from

mechanics,

T = & & (s4)
where
oQ— —moment of inertia
X = rotational acceleration
When « is in terms of speed and time, equation (44) may

be written as follows:

The above differential equation may be solved by separating

the variables and integrating.

h/l
T _s!-i./__l_ dn (46)

A graphical integration process may be necessary when _%_
is not readily expressed in simple mathematical terms as a

function of n.



46

Chapter IIL

Sslf-sxcitation of Single-phase Induction Machinses

In the analysis of generator action of a single-phase in-
duction machine with capacitor excitation, the fcllowing as-
sumptions are made,

1. Voltages and currsnts vary sinusoidally with time.

It has bsen shown that capacitor-excited machines de-
velop a voltage which is very nearly sinusoidal with re-
spect to tim.eql Unless extreme saturation 1¢ precent, the
currsnt alsc approximates a sine wavse.

2. All machine impedances, except the magnetizing react-

ance, are lumped, linsar ccnstants.

Even though machine impedances actually vary with
different operating conditions, any attempt to introduce
the effects of such variation would so complicate the
problem as to make its solution practically impossibleq
In most conventional analyses, this assumption is mads.

3; The magnetizing reactance, Xms varies in accordance

with the saturation curve of ths machine.

It is not difficult to obtain the valus of Xm as a
function of voltage if the no-load saturation curve (motor
or gensrator) is available. When it is necessary to‘rely

upon.design data for the valus of Xms nct only must the

1 E. D, Bassett and F. M. Potter, "Capacitive kxcitation
for Induction Genserators", [lectrical &ngineering, Vel. D4
(May, 1935), pp. 540-545,
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B-H curve for the iron be kncwn, but also the dimensions
of the magnetic circuit must be available. Since stabls
operation with self-excitation depends upcn saturation of
the iron circuit, it is imperative that the effects of
saturation upon the value of magnetizing reactance be
known.

4, The effect of slip upon frequency is neg;ligible_o

A study ofvthe curves of slip varsus torque near
synchronous speed in Fig. 16 shows that slip varies much
less for generator operation than for motor opsration.

In machines with relatively low rotor resistance, the
error introduced by neglecting the effect of slip upon
frequency is small.

5. The sxcitation capacitor has no powser loss.

The capacitors used for powsr-factor correcticn and
other continuous-duty operations are designed for sxtrsme-
ly low loss, and no noticiable error is introduced by as-
suming a perfect capacitor. Howsver, the capacitors in
starting circuits of single=-phase mctors are electrolytic
capacitors, designed for high capacity with minimum volume.
They are rated for intermittant duty and have a rselatively
low safety factor on voltages higher than rated value.
Capacitors rated at twenty-five to sixty cycles per second
and 110-220 volts have a power~factor angle of approxi-
mately eighty~-six degrsees and a power factor of 0.07.

6. The effect of iron loss upcen the magnitude of

voltags and current 1s negligiblse.
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At voltages near the rated voltage of the machine,
little error is introduced by this assumption. At high
voltages where the magnitude of the third harmonic in ths
exgiting current dus to saturation may be appreciable,
additional error i1s possible.

The actual iron loss will be accounted for as an
additional input after all other calculaticns are completed.

7. The effect of the backward revolving field may be
represented as a constant, lumped, linear impedancs.

8. Yhe copper lcoss in the rotor circuit may be nsg-
lected.

This assumption introduces some error at high values
of slip. A "cut-and-try" process may be used to solve a
circuit which includes the "forward rotor" componsnts,; but

it will not be considered hére°

2 C. F. Wagner, op. cit., p. 49,
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"~ With the above assumptions, the equivalsnt circuit of Fig.

v~ 15 may be simplified for generator action to that shown in

Fig. 21.
R, X'
VYV Ve 1111 TR
, -—
z,

Fig. 21
Approximate equivalsnt circuit of a
single-phase induction generator with capacitor excitation

The impedance of the backward field is represented by ths

components, R, and Xb, which may be added to the components of

b
the stator impedance. With this addition, ths circuit of Fig.
21 becomes similar to the circuit used in the deWelopment of the
theory of self-excitation in polyphase machines. The magnetiz-
ing current which must flow i1s approximately twice the value
required for polyphase operation with equivalsnt machine con-
stants. It has bsen shown that thse single-phase motor also
requires approximately twice the magnetizing current of equi=
valent pclyphase machinss.

Referring again to equations (25) and (30), it is seen

that either the alr-gap voltage or the terminal vocltage ob-

tained from the no-load motor saturation test may be used for
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determining the self-excited generatcer voltage for steady-state
operation. When the saturation curve is pleotted as Vl/n versus

I the straight lines obtained by equation (38) may be uéed to

1
obtain the operating point for a particular speed and capaci=
tance. When the current has bsen determined, the power input
may be found by a summation of copper, ircn, and frictiocnal
losses. The retarding torque can then bs calculated. The
speed-torque curve may be plotted using a step-by-step method
assuming differant values of spsed for each step. For determin-
ing time, equations (43), (44), and (45) may bs used.

It has previously been pointed outrthat the most important
applications of self-excited induction genseration involve decsl-
eration or dynamic braking. Some writers have suggested that
self-excited induction generator characteristics are suitable
as a source of steady-state, sins-~wavs voltage°5 Thq‘above
theory can be used fbr predicting the operating conditions for
both applications. A series of tests have been completed on a
l/4—hp, singls-phass, capacitor-start motor to show the corrs-

lation between calculated data and actual performance during

transient as well as steady-state operation.

3 E. D. Bassett, and F. M. Potter, Ibid, p 542.
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Tests and Results

A 1/4-hp, 1725-rpm, 115/2830-volt, 60-cycle, single-phase,
capacitor-start motor manufactured by Rcbbins and Myers,:InCa,L
Springfield, Ohio, was selected for performance tests of single-
phase generator operation with capacitor excitation. Certain
features of the construction of this machine affect its per-
formance as a genserator, therefore a rather complete descrip-
tion is deemed advisable.

The frame number is KL F56 and the serial number 1s
MS 89287. It is of open construction and is rated for contin-
uwous duty with a normal temperature rise of 400 C.

The stator has an outside diameter of GQOOO inches and an
inside diameter of 3.876 inches with an active corse lenéth of
2.500 inches. There are 36 slots, and each of the four poles
of the main winding has four concentrically wound coils. The
inner coll has 33 turns and spans three teeth; the second coil
has 52 turn and spans five teeth; the third coil has 64 turns
and spans seven teeth; the outer codil has 33 turns and spans
nine teeth. The 230-volt rating is accomplished by placing all
four poles in serises., ?he total effective number of turns for
the 230-volt connection is 149. TFor 115-volt rating, opposite
poles are ccnnected in series and the two pairs of poles are
connected in parallel. The total effective number of turns for
the 115-volt connection is 74.5. Hereafter this connection will
be referred to as the 115-volt main winding.

Bach of the four poles of the start winding has three
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concentrically wound ceoils, the inner coil having 20 turns and
spanning four teeth, the middle coil having 40 turns and span-
ning six teeth, the outer coil having 40 turns and spanning
aight teeth. The total effective number of turns is 86.8. Thé
four poles are connected in series and this winding is connected
in series with an electrolytic capacitor and a centfifugally
operated switceh. The capacitor has 145 microfarads capacitance
and a voltage rating of 110 volts (rms) at éO cycle, intermit-
tent duty. The starting circuit ié cchnected across the motor
terminals for 115-volt operation. For 230-volt operation, it
is connectad in‘parallel with only one pair of the main poles.
The centrifugal mechanism opens the starting circuit»during
acceleration for all speeds above 1200 rpm. During decelsr-
ation, the starting circuit is closed by the mechanism for all
speeds below 1000 rpm. Fig. 22 shows a connection diagram for
both low vcltage and high voltage.

The rotor has an outside diameter of 3.845 inéhes which
provides an air gap of 0.015 inches. There are 48 slots and
the rctor winding is a cast-aluminum,sguirrel cage. The bars
of the rotor cage are skewed slightly more than one rotor slot
pitch. The moment of inertia of the rotor about the axis of
normal rotation was obtained by measuring its period of oséil-
lation when suspended by a calibrated wire and found to be

. 146 pound—feetz°
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Before testing the machine for self-excited generator char-
acteristics, the standard motor no-load and blocked-rotor testé
were run. Machine constants for the equivalent circuit were
calculated for various connections of the main and start wind-
ings. Table VI shows the machine constants for the connections
of main and start windings that may be encountered during motor
or generator operation.

Dynamome ter tests were run for normal motor performance and
also for éenerator action with the excitation supplied from a
source of rated voltage and frequency. Table VII shows the data

from a dynamometer test using the 115-volt conrnection. Fig. 23
| shows the psrformance characteristics for both motor and gener-
ator action.

Table VIII (a) shows the data from the motor no-locad test
using the 115-volt connection. Fig. 24 is a plot of the satu-
ration data of Table VIII. |

Table IX (a) shows the data ffom a motor no-load test with
the 115-volt main windihg in series with the start winding.

Fig. 25 is a plot of the saturation data of Table IX.

The series connection of main and start windings is‘importw
. ant because it is the circuit which is effective fcr producing
generator action when the motor is rotating at speeds below
1000 rpm during deceleration, ‘

Referring to Fig. 22 {(c¢) it can be seen that for the 230-
volt connection only one main winding will be in saries with the

start winding for generator action during normal deceleration.



Table VI
Blocked-rotor data and 1mpedance values of a Robbins

and Kyers gz-hp, 1725-rpm, 115/230-volts, 60-cycle,
single~phase, capacitor-start induction motor

Winding and Connections "' Blocked rotor ' Impedancs components

Voltage Current Powsr iw, .2 . {ohms) .
(volts) (amps)  (watts) Ry R X X}
Main windings - , ‘ -
No. I (red) , 95.8 8.85 580 3.56 3.8 4,3
No. II {(yellow) 96,0 8.83 585 3.56 3.9 4,3
I & II in series - o ' B 8
(230-volt conn.) 182.0 7.50 940 7.10 9.7 8.8
I & II in parallel o ' : B o .
(115-volt conr.) 99.5 . 16.18 1160 . . 178 2.6 2.1
Start winding - 100.0 9.50 805 5.04 3.9 2.7
Main I & Start in séries”  135.5 6.33 646 8.60 7.6 7.0
Main II & Start in series 136,0 6 .34 - 649 8.60 7.6 7.0
Mains. (I & II in parallel) o : o . o
in series.with Stgrtﬁ B _10500 _- 6.08 487 6089 : 6.4 5.3

Reactance of 145 microfarad capacitor at 60-cycles = 18.3 ohms

at — number of effective turns on_start w1nd1ng — 1.165
— number of effective turns on main winding

-~

1¢



Table VII"

Dynamometer test for motor and genserator action cf a
+-hp, 1725-rpm, 115/230-volt, 60-cycle, single-phase,
capacitor-start, induction machine.

- 115-volt Connection
(115-vclts, 60-cycles applied)

_ Power ,
Elect. Powsr factor Torqus Speed Mech.
Current power factor angle lb.-ft., T pm Fower
input o output
9.90 987 0.850 31.8 1.85 1510 398
8.00 . 785 0.854 31.4° 1.75 1600 398
6.35 611 0.835 33 ,4° 1.50 1670 356
5.20 483 0.807 36.,2° 1.25 1700 301
4,33 389 0.781 38.5° 1.00 1720 2473
3,74 307 0.715 44 ,4° 0.75 1740 186
3.32 237 0.622 51.5° 0.50 1760 125
2.95 165 0.486 60.9° 0.25 1780 63
2,77 113 0.354 69.3° 0.075 1790 19
input
2.71 79 0.253 75 ,%° 0.00 1795 0
2,70 42 0.135 82.3° -0.15 1800 - 38
2,73 0 0.0 90.0° ~0.375 1810 - 97
output
2.82 - 34 -0.105 96 .0° -0.50 1815 -129
3,30 -145 -0,381 112.4° -1.00 1830 ~-260
3,67 -196 -0.454  117.86° -1.25 1840 327
4,10 -252 -0.533 122.,2° -1.50 1855 -396
4,45 -296 -0.578 125.2° -1.75 1870 ~-465
4,90 ~346 -0.615 127 .9° -2.00 1880 ~534
5.40 -390 -0.632 129,29 -2.85 1890 -604
5,85 -432 -0.642 130.0° -2.50 1895 -675
8.20 =464 -0.650 130.5° -2.75 1900 742
6.60 ~-496 -0.653% 130.7° -2.96 1910 -800
7,20 -548 -0.662 131.4° =3.30 1920 ~-900

7 .60 =582 -0.665 131.6° =3.40 1935 =955
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Table VIII

Saturation tests on a Robbing and Mysrs.

2~-hp, 1785-rpm, 115/230-volt, 60=-cycls,
single-phase, capacitor-start induction
motor

115-volt connection (Main I & II in parallel)

. o8

(a) (b)
Motor (No-load) Generator (60-cycles)
Vq per Vl per

Volts Current rpm Watts Volts Current rpm C
50 1.07 0.0280 24 . 55 1.13 0.0306 49
60 1.27 0.0330 30 - 63 1.28 0.0350 50
70 1,50 0.0390 37 89 1.44 0.,0384 51
80 1.72 0.0444 44 76 1.60 0.0422 52
85 1.85 0.0472 49 85 1.83 0.0472 53
g0 2,00 0.0500 54 g0 1.97 0.0500 54
95 2,10 0.,0528 59 25 2.11 00,0528 55
100 2,25 0.05656 65 102 2.24 0.0567 56
105 2.38 - 0.0584 70 105 2045 0.0584 57
110 2.55 0.0610 77 109 2.50 0.0606 58
115 2,70 00,0640 85 113 2,70 0.,0629 59
120 2.90 0.0677 93 117 . 2.85 00,0650 60
125 3,10 0.0685 104 120 2,98 0.0666 61
130 3,30 0.0720 114 122 3,07 0.0678 62
139 3.04 0.0750 126 126 3,19 00,0700 83
127 3,30 0.0706 65

134 3,62 0.0745 67

143 4,10 0,07¢5 70
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Table ‘IX
Saturation tests on a Robbins and Myers
4-hp, 1725-rpm, 115/230-volt, 60-cycls,

single-phasse, capacitor-start induction
motor

115-volt main winding in series with the start winding

(a) {b)

Mctor (No-lcad) Generator (60-cycles)

S V1 per Vq per .
.Velts Current rpm Watts Volts Current rpm C
89 .83 0.0495 34 130 1.20 0.0722 23
100 .91 0.0556 38 - 152 1,43 0.0845 24
120 1.09 0.0667 48 168 1.60 0.0935 25
140 1.30 0.0778 60 184 1,90 0.1022 26
160 1.52 0.0890 77 194 2.05 0.1079 27
180 1.78 0.1000 97 203 2o.24 0.1130 28
193 1,97 0.1072 112 210 2.40 00,1169 29
200 = 2.07 0.1112 123 220 2.61 0.1222 30
220 2.46 0.1222 160 226 2.79 0.1256 31
240 2.92 00,1333 206 232 2,95 0.1290 32

238 3.12 0.1322 33
243 3020 0.1350 34
248 5.45 0.1379 35
251 = 3.58 10,1397 36
254 3.75 0.1412 37
258 - 3.90 0.1424 38
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Therefore the total effective number of turns will be the same
eS'for the 115-velt connection, but the effective reeistance
and reactance of the circuit will be somewhat greater.

Since the main and start windings are in space quadrature,
ﬁhe generated voltage of the two windings are in time gquadrature.
‘ If ﬁhe alr-gap flux 1s constant, the generated vcltage of each
winding is proportional to the effective number of turns in the
winding. The magnitude ¢f the generated voltage of the two
windings connected in series is therefors equal to the square
Toot ef the sum of the squares of the main winding generated
voltage. The effective number of turns of the two windings in
series bears this same relationship to ths effective turns of
~individual windings. For the machine tested; the series con-

nection has

'VQ74 5?-}-(86 8) = 114.4 effective turns.
~The voltage of the two w1nd1ngs in series may be expressed in
terms of the main winding voltage alone by means of the ratio

of effective turns if the two windings:

1

a! — Start-winding effective turns __ -5 (a7)

T main-winding effective turns — Ey :
Byt o) = VB ES = 1+(a) (48)
(Mts) ~ \"u° “s —™u

When the same magnetizing current flows through the two

windings, the effective mmf 1s also greater than the mmf of the

main winding alone by the factor \]lﬁ“(a‘)zo Therefore it is

possibleito calculate the saturation curve for the serises
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cénnéctions of main and‘startﬁwindings from the no-load saturat-

ion curve. of the main winding alone.

a' — %%_o% = 1.165 ; -\/'1-1-(1.,165)2 = 1.548

From the no-load motor data of Table VIII (a) the current at
115 volts is 2.7 amperes. A correspondiﬁg pbint on the satu-

ration curve for the series connection i1s then

1.548 x 115 = 178 volts

'2.7/1.548 = 1.75 amperes
;ﬁdfé;that an actual test with the series connection gave 1.78
,aﬁpgfes at 180 volts (Table IX). |
.- When fhe winding'data afewnot available, the approximate
- value of a‘ may be obtained from the motor no-load saturation
-teSt if thé generatéd voltage of the start winding is measured.
The value of‘a' is approximately the generated voltage of the
}vStart winding divided by the applied voltage on the main
‘winding.

‘To us6 the method for predicting gsnerator characteristics

'7fj}wnicn‘is,snbwn in Chapter II, equations (31) through (46), the

',_§§turatiqn curves of Tables VIII and IX are piotted as Vi/n
"’5§§réus I, in Fig. 26.

_.H An example showing the use cf these curves follows. A
V jcaicqlétioﬁ_6f the voltage, current, and torque for a spsed of
 v.l8OO rpn énd a capacitance of 35 microfarads placed across the
3zterminals'pf‘the llS-volt'méin winding in series with the start

" winding.will be mads.
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6

. 2MW x 4 X (1800)° x 35 x 10~
' 120 |

o
b|< bl <
- H

I = . (23.7)

C
This straight line is plotted on Fig. 26 and intersects the no-

load saturation curve at the point Vl/nzz «134, I=3.2.
The wvoltage is then 241 volts at 1800 rpm. The input for

a this'voltage and frequency is obtained from Fig. 25 and is 210

watts.  The torque required to supply this power at 1800 rpm is

7.04 x 210 —
T = 5500 = 0.83% 1b.ft.

' Table.IX (b) shows that during the actual test of generator
action, 34 Uf were re@uired to generatse 243 volts at 1800 Tpm.
| After the motorvtests were completed, the machine was
-_connécted as shown in Fig. 27. A capacitor bank rated at 600
voits and variable in one microfarad steps from zsro th 186

- microfarads was used.

A
A&
O—/=2-%8
AMFS
'o,/g;og\b ' _;_’_Z_—_
300 vours | C
Fig; 27

g,vConnectibnaof.a'single-phase induction machine for
steady-state, self-sxcited generator characteristics
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The rotor was driven at 1800 rpm by .a Z-hp, léOO rpm, 115-
Volt, d-c dynamometer. With the value of capaciﬁance at zeroc
(open—circuit), the voltage due to residual magnetism wa s
measured and found to be 0.75 volts (rms). A cathode—ray oscil-
loscope was used to view the wave shépe 6f the residual voltage.
Ko departure from a true sine shape was noticeéble° When the
winding was.shqrtad for‘a moment and'subsequeﬁtly opened,’the
-feéidualbvoltage decreased to 0.5 volt. 'A‘repetition of the
| shorting'procedure did not appreciably radﬁce.the fesidual
voltage.

To éxplora the conditions which allow an induction machine
to build up its own voltage and become a self-excited generator,
thé following procedure was used. The rotor was driven at 1800
rpm and the capacitance of the variéble capacitor shown in Fig.
,>27 was increased in small steps. Table X shows the effect 6f
the added capacitance upon the terminal voltage of the machine
befbre_and after the critical value of capacitance was reached.
The build-up is similar to that of a self-excited, direct-current
» géqéfaﬁor. it was found that considerably more capacitance was
réqdired to cause the‘machina to build-up than was reduired to
 maintain stable operation. The exact amount required for build-
ﬁp seemed to depend upon the previous conditions of machine
‘operation;

"The minimum value of capacitance at which generation was
méintained was fairly definite for a particular speed. It was

approximately the value which produced a straight line
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Table X

Voltage build-up of a Robbins and Mysrs

%-hp, 1725-rpm, 115/230-volt, 60-cycle,

single-phase, capacitor-start, induction

motor, cperating as a capacitor-excited
generator

Rotor Speed 1800 rpm

Before build-up After build-up
Capacitance Voltage Capacitance Voltage
(microfarads) (rms) {microfarads) (rms)

0 0.50 65 1127
5 0.56 60 117
10 - 0.62 55 95
15 0.69 50 63
20 0.75 49 55
25 0.86 _ 48 broke down
30 0.97
.35 1.16
40 1.33
45 1.63
50 2.15
55 3.00
60 3.75
65 built-up

127.00
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Equation (58{] coincident with.the air-gap line of the motor
saturation curve. 'This could be referred to as the "critical
capacitive reactance line" for the self-excited induction
generator just as the air;gap line is referred to as the
"eritical field resistance line™" of a self-excited, direct-
current generator. "

The lines indicating the critical Xc for thebll5-volt main
winding alone and for the connection of the 115-velt main wind-
ing in series with the start winding are shown on Figs. 24 and
25 respectively. On Fig. 26, the dotted line shows the react-
ance line for a 145 microfarad capacitor at 1800 rpm (60.cycles
per second). This is the value of capacitance which is in
series with the start winding to provide the desired starting
torque as a motor [}?‘igo 22 (b) and (cﬂ, It is also effective
as excitation for genserator action With the main and start
windings in series during decseleration of the machine after it
has bsen disconnected from a source of electric power. Tests
ware made to determine the steady-state gensrator characteristic

for this ccnnection using the circuit shown in Fig. 28.

A

4

7 N\
O=|-2-5
ampj
Z 371 0—/506/ ==
' 300 volts C :
|5 75 T | N\

‘ Fig. 28 ll
Connection diagram for obtaining
steady-state generator characteristic
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The steady-state operating point at 1800 rpm with 145 mi-
crofarads‘can bs found by extending the straight line and the
upper magnetization curve on Fig. 26 to the intersection.
Kquation (42) shows that the slops of the straight line varies
inversely as the Square of the speed. 'Therefore the minimum v
speed at which generation will be maintained with 145 micro-
farads 1s that value which gives a reactance line coincident
with the air-gap line on Fig. 26. For.the machins tested, this
critical speed was calculated to bevVSO rpm. A tabulation of
the results of the steady-state generator characteristics at
1800 rpm is shown in Tables VIII (b) and IX (b). A plot of
these data is shown on Figs. 24, 25; and 26.

A_magnetic oscilloéraph was used to record the instantane-
ous values of current and voltage for several conditions of
generator operation.

Oscillogram #1 shows the build-up of voltage and current
in thé circuit of Fig. 28 when the speed was approximately 1800
rpm and the capacitance was 34 microfarads. A 60-cycle timing
wave appears on the lower edge of each oscillogram. In approx-
imately one-half second after the switch was closed the current -
reached a steady-state value of 3.32 amperes (rms).

Oscillogram #2 shows the steady-state. current and voltage
at a speed of 1800 rpm and a capacitance of 27 microfarads., Thé
affective current was 2.0 amperes and the voltage was 183 volts.

| Oscillogram #3 shows the steady-state current and voltagse
at a speed of 1400 rpm and é capaciﬁance of 49 microfarads. Thse

current and voltage were 2.5 amperes and 165 volts respectively.



Rotor spsed - 1800 rpm., Capacitance: 34 microfarads.
(a) Current - Steady-state value; 3.32 amperes (rms) or 4.7 amperes (psak).
%b) Voltage - Steady-state valus, 238 volts (rms) or 336 volts (peak).

¢) Timing wave: 60 cycles per second; Film speed - 13.9 inches per second.

TR NN NN

Oscillogram #1: Build-~up of a self-excited induction generator.

1/4-hp.,
1750-rpm, 115/230-volt, 60-cycle, single-phase, capacitor-start, Robbins
and Mysrs, induction motor.

0L
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(a)

(b)

RN

0 A A AAAAAA AR
Oscillogram #2: Single-phase induction generator,
Rotor speed - 1800 rpm; Capacitance - 27 microfarads
Strady-state (a) current - 2.0 amperes (rms), .

(b) voltage ~ 183 volts (rms), (c¢) f£film speed =~ 28.7
inches per second.

AN AN NP E g
0501llogram.#3 Slngle—phase 1nductlon generatoro
Rotor speed - 1400 rpm; Capacitance = 49 mlcrofarads
Steady-state (a) current - 2,5 amperes (rms),

(b) voltage - 162 volts (rms), (¢) film speed - 28.7
inches per second.
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Oscillograms #4 and #5 were obtained to show the conditions
of generation during deceleration of the machine. ‘'he circuit

of Flg., 29 was used.

é

. SPOT |
- tritvgal 72
rrvga
[ centrig
Q;’) Ja ;2_ MAIN
% —u e -
/250~ I I
= START
:QI}
, : 73

Fig. 29
Connection diagram fcor obtaining
decelsration trantient of generator action

The procedure for the test was as follows: The singls-
polse, double-throw switch was closed to energize the motor, and
the rotor was allowed to accelerate to normal no-load speed.
The centrifugal switch opsned at 1200 rpm and disconnscted the
start winding from the line. Next, the voltage was removed
from the motor by opening the SFDT switch. In less than cne
seacond the switch was closed in the opposite position, complet-
ing a circult from the capacitor tc the main winding. This com-
pleted a circult for generator action; the main winding in
series with the start winding with the capacitor across the
terminals for sxcitation. The oscillographic film was started
immediately bafore the SPDT switch was closed to completse the

generator circuit. The vecltage and current built up rapidly



Gy VAR R AR h

Oscillogram #4: Generator action during deceleration of a
£-hp, 115/230-volt, single-phase, capacitor-start induction
motor. No-load rotor speed - 1795 rpm, capacitance = 145
microfarads (electrolytic). (a) current - 7.1 amperes (peak),
(b) voltage - 178 volts (peak), (c) film speed - 9.05 inches
per sscond. o

If"‘ . ’1‘».5..'%-&Ki‘(iiﬁlﬁ&ﬁ’\.;\'aﬁ,v‘a

Oscillogram #5: Deceleration transisnt as in Oscillogram
#4, except (a) current was applied to oscillegraph slemsnt
by means of centrifugal switch "cut-back" operation.
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reaching a maximum (peak) of 178 volts in approximately 0.2
seconds. The rotcr decslerated rapidly and, becauss of_the
lowering speed, the voltagse began to decrease. One-half second
~aftersathe switch was élosed, the speed héd dropped from approx-
imately 1700 rpm to less than 600 rpm; Gensrator action con-
tinued a£ low amplitude seven beyond this point.

In oscillogram #E, the current element was connected/;n
seriés with the centrifugal switch so that the time of "cut-
back" was recorded. The oscillogram shows that the speéd de-
creased from 1700 rpm to 1000 rpm in one-third of a second.

The load chéracteristics of ganerator-action of the 115~
volt main winding ocperating at constant frequency was_obtained,
The circuit shown in Fig. 30 was used for the load test. A
slide-wire resistor woundlon a porcelain tubular form was used
as a load. The inductive reactance of the resistor at 60 cps

was approximately two per cent of the resistance.

Fig. 30
Circuit diagram.for generator load test
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The rotor was driven at a spesd required to maintain a
frequency of 60 cps. The capacitance was adjusted to give 115
volts at no-lcad. Load was added by closing the switch to the
resistor. The capacitance was readjusted to maintain 115 volts
at the load. Readings of load current, main winding current,
capacitance, and rotor speed were recorded for several points .
between no load and 1.9 amperes load current. Table XI (a)
shows data from the test. Fig. 31 (a) is a plot of capacitance
and main winding current versus load éurrent°

‘A sgcond load test was run toc show vcltage regulatioﬁ with
constant capacitance. The capacitor was adjusted to give 115
volts at no-load. Load was added in steps, and reading of load
current, main winding current, terminal voltage and rotor speed
were recordsd. TaBle XI (b) shows data from this test. Fig.
31 (b) is a plot of terminal voltage and main winding current
versus load current from no-locad to break-down. The character-
istic is very similar to that of a differentially compounded d-c

generator,



Table XI

Load characteristic of a Z-hp, 1725=-rpm,
115/230-volt, 60-cycle, single-phase, Robbins
and Myers capacitor-start motor, operated as
a self-excited generator.

(a)
Rotor driven at speed necessary to maintain a frequency
of 60 cycles per second. Voltage maintained at 115 volts by
varying capacitancs.

Current in Main wdg. Rotor

lcad res. current Capacitance speed
(amps) (amps) : (uf) (rpm)
0.00 2.75 59 1800"
0.46 2.80 61 1810
0,90 3,05 66 1830
1.64 3.06 74 1840
1.90 3,80 ' 77 1850

: (b)
Rotor driven at speed necessary to maintain a frequency
of 60 cycles per second. Capacitance(59uf) adjusted to give
rated voltags (115v) at no-load. _

Current in Main wdg. lMain wdg. Rotor
load res. current voltagse spead
(amps) (amps) (volts) (rpm)
0.00 2.75 115 18007
- 0.20 2.62 111 _ 1805
0,36 2,50 106 1810
0.50 2.31 89 1810
0.60 ' 2,15 90 1810
0,70 1.91 80 1810
0.72 1.85 75 1810
- 0,74 1.60 60 1830

0.60 1.27 47 1830
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Conclusions

In general, both polyphase and single-phase induction gen-
erators have characteristics that may be determined by analysis
of the eguivalent circult obtained from stendard no-load,
blocked-rotor and resistance tests. When operating in parallsl
with a system of controlled voltage and frequency, its perform-
ance may be predicted by using negative valuss of slip in ths
equivalent circuit. Since all sxcitation must be supplied from
the line, it will not contunue to gensrate if the connection to
the line 1s broken. The load and the power factor is uniquely
determined by the internal characteristic of the machine and the
slip.

Both polyphase and single-phase induction machines can be
excited by means of static capacitors. Fractical applications
of capacitor-excited induction generators as steady-state powsr
sources have not been made to any great extent. However, self-
excited induction generator charactseristics are important in
some trantlent conditions. These characteristics also can be
determined from the no-load, blocked-rotor, and resistance tests
using the method described in this thesis,

A great percentage of single-phase, capacltor-start motors
have a capacitor of sufficient size to cause self-excitation
during decseleration after the machine has been disconnected from
the electric powser source. Voltage across the capacitor dus to

genarator action may rise to more than twice the voltage applied
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during the normal starting cycle. The value of the generated
voltage is a function of the saturation curve of the machine,
-the capacitance, and the rotor speed. |

This study of the single-phase induction generator has
shown some rathﬁr interesting and little—known chafacteristics
of an important and versatile electric machine. It has also
shown that other studies are necessary to fully understand and
apply'some of the characteristics of the machin@; Recent ad-
vancements in control devices for voltage, frequency and speed
may open(thé way for apblication of the self-sxcited induction
generator as a constant voltage, constant fraquéncy, powsar
source . |

It is hoped that the information in thié theslis will be

helpful to those who are interested in the prdblem of induction

generation.
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List of Symbols

rafio of transformation betwesen rotor and stator windings

ratio of effective numbser of turns between the main and
start windings of a single-phase motor

cycles per second

capacitance of capacitor in farads
instantaneous generatsed voltage

rms volts/phase induced in stator winding v
rms volts/phase induced in rotor Winding at standstill
rms vclts/phase in rotor in terms of‘stator
stator frequency in cycles per sscond

rotor frequency in cycles per second

"a function of"

force on a conductor oarrying current
instantaneous current

current in rotor conductor

IS amp@res/phase stator current

rms amperes/phase rotor current

rms amperes/phase rotor current in terms of.stator

rms amperes through tha capacitor

rms amperes/phase blocked rotor current

rms amperes/phase iron loss compcnent of stator current
vector sum of I¢ and Ih+a

rms amperss/phase magnetizing current

moment of inertia of the rotor about the axis of rotation

stator winding distribution factor
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rotor winding distribution factor

stator winding pitch factor

rotor winding pitch factor

henrys per phase leakagse rotor leékage inductance

speed of rotor in revolutions per minute

‘synchronous spesd (rpm)

épeed of revolving magﬁetic field with respect to rotor
series turns per phase on the stator winding

serles turns per phase on the rotor winding

number of poles on stator

number of polss on rotér

electro-magnetic power in watts converted into mechanical
form

revolutions per minute
root mean square

resistance in which iron loss is dissipated

~ ohms per phase effective resistance of stator winding

ohms per phase effective resistance of rotor winding

ohms per phase effective resistance_of rotor winding in

terms of the stator
slip |

time

torque»in pound—feet

velocity

applied voltage (rms) per phase

- distance (variéble)

ohms per phase leakage reactance of stator winding at
rated frequency fl
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ohms per phase leakage reactance of rotor winding at
frequency f,

ohms per phase leakage reactance of rotor winding at
frequency fl in terms of the stator

capacitive reactance of capacitor
ohms per phase magnetizing reactance
ohms per phase rotor inpedance at standstill
angular acceleration
flux density
base of natural logrithm, 2.7183
rotor power factor angle
3.1416
instantansous flux in the air gap
maximum air-gap flux linking a full pitch turn
stator pole pitch
angular velocity, radians/second
equals approximately
variss directly as
=l,imaginary guantity (rotational operator)

infinity
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