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A STUTY OF THE CONCATENATIOR OF INTUCTION MOTORS.

PART 1

Chapter I
Introduetion and General Theory of the Induction iotor.

In the commercislizing of slternating current as a means of
distributing electrioszl energy,probably no one factor has been
of greater importance than the invention 2and development of the
multi-phase induction motor.It w3z invented by LMr.Fikola Tesl=a,
in 1888,although the first successful motor was desigzned most
probably by ireCeEeLsBrown 2t the {erlikon works in Switzerland.
Its simplicity of construction,ruggedness,and freedom from
trouble has made it very popul~r,especially for service which requires

only one or two speeds.

The zZlectrical and .agnetic Circuits.

The induction motor 18 essentially a transformer in which the
secondary is free to revolve.There is also an air gap in the mag-
netic oircuit of the induction motor.Tue to the air gap,a much
greater magnetizing current is required in the induction motor
than in the transformer.This may be seen from the following

equations:

here, § 18 the desired flux
?® =the magnetizing force = .4 II n I

R =the reluctance = . S
ua



Then for the same flux in the magnetic circuit of the motor
as in the core of 2 similiar transformer,the following differ-
ences will exist.The reluctance of the magnetic path of the
motor will be equal to the sum of the reluctances of the air
gap and the iron path in series,and,as the permeaability of
the air gap is one and that of the iron may be several hund-
red,the reluctance of the air gap may easily enough be as
great or greater than that of the core of either the motor
or the transformer.lf the flux is to remain the same,then
an increase in the denominator must be accompanied by an in-
ocreage in the numerator ¥.As all the guantities eomprising
are fixed except I,then I must increase.The magnetizing com-
ponent of the current is 90%ut of phase with the power com-
ponent and 80 the power factor is very low.Thus the airrgap
in the induction motor is made 2g small as pfaetica%f?he
relatively large magnetizing conponent at no load and light
load causes a lov power factor ,which gives rise to one of
the greatest objections to induction motors running unier
these conditions.The vector sum of the power component and
the magnetizing component is often called the exciting current
and the magnetizing component simply th® magnetizing current.
The ratio of the magnetizing current to the diameter of the
circle of current loei for sny giveﬁ motor,is calle’ the
leakage factor,and is denoted by a. Thus if the magnetizing

current of a cert2in motor is 5 amps.,and the diameter of the



ourrent loci cirocle(to the same scale)is 100 amps.,then the
leakage factor will be .05. This 18 on important ratio because
of its relation to many of the phyaioalﬁdémfnaions of the
motor.It has been proven by experiment that the leakage factor
varies directly as the air gap and inversely as the pole
pitoh.In experimenting with the air gsp it was found (hat tue
diameter of the current loci circle remained practically the
same regardless of the air gap,while the megncrtizing current
increaged in the same ratio sas the gop.The leakage factor also
gives a means §¥ estimating the maximum power factor which may

be expected from a given motor.This is shown by figure 1
e

|
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1 .
“rom trigonometry,tine cos9,or the maximum power factor will

be; cCP
QC
1
or , cose= eeeeece=-e= here a is the lenknage factor.
1 *+ 2a

The maximum powver factor occuring where the primary current
O P 1s a tangent to the circle.In the design of a motor these
different relations are 2an aid in determining the correct and

most economical proportions.
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The eleotrioai’circnit of the induction motor consists of
two windings,(1l) The stator or primary winding 2ndf2) The
rotor or secondsry winding.

The stator winding@ must fulfill three requirements,(1)its
conductors must be of sufficient crossection to carry both
the lo2d4 current and the exciting ouncentf(2)it must have a
sufficient number of turns to set up the required magnetic
field.(3)The combination of the number of turns and the mag-
netie field must be such that 2 counter electro-motive force
will be generated which is always slightly less tran the
impressed voltage.If 211 these conditions are satisfied,then
the motor stator winding slould perfdrm its function properly.

The rotor carries tine load current,and as it has no elect-
riocal connection to either the stator or the line,it must
receive tnis load current by transformer action from the
stator.There are two common types of rotor windings (1) the
squirrel cage 2and(2)the wound rotor.

In the squirrel cage type the conductors are placed in slots
in the outer e?ge of the rotor,the ends being velded to 2
short circuiting ring.T.us the phases cannot be opened and
the same rotor m2y be used in machines having a different
number of poles in the stator.In fact the stator will induce
an opposite pole on the rotor for each one of its own.

The wound rotor Las a winding place? on it which h2as the
same number of poles 2s the stator in which 1t is going to
be placed.It has many ndvantages aa‘will be discus-el later

under torque.Tue to the extra emount of labor recuired in

winding,its first cost 1s much grester than that of the



squirrel ocage tyne.The later ius more rurred,m=kins =2 better

.

motor for all around use.
Chapter II

The Hevolving ‘ield.

Sap @ @ @ o S oS

The operation of tre infuoction motor Zderen?s entire}y opon
the revolving magnetic field. rom 3 sine wave representation
of & three rhage alternatine current,it c2n readily de seen
that the resultant n2¢netic fiel? at any instant will be zero.
Bow,if one of the waves be reversed{or in other words if one
of the coils in a three rigge winling be reversed) tLe result-
snt will be seen to be one ave of magnetizing current. . hie

19 shown by fig.<e.

!.‘13. p
Then if trese three coils °re shown in tie stator in the

&ifferent time positions as follows;
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The coila A,B,and C in the statcr slots of figure tﬁiee are
carrying ocurrent as represente® by the waves A,B,and C of fig.
2 respectively.It will be seen that the amplitude of each of
the waves is transferred to the chart at the designated points.
The crossectioned area represents the flux in both quantity
and sign.The arrows on the crest of the waves indicate that
the flux wave is moving to the left.In this way it produces
the revolving field.From a study of fig.2,it is apparent thas
each pair of poles will represent 3260 electrical degrees,or
one complete revolution or cycle.Then if the frequency in
cycles per. second be multipliel by 60 to change it to oycles
per. minuite and this be divided by the number of pairs of

poles,the speed of the motor will be obtained.Thus;

f x poive-of-peies 60

‘3) Speed in r.’p.m. = cEcmccocnawaemw e woosnes
pairs of poles

repems. X pairs of poles
(4) Trensrosing, £ 5 ceccccccccccccccnccccccanaa-

60
2xf x 690

(5) or, lioe PRRESE ecememecemcccee-- _—~
TepeNo

In effect the flux wave travels as many electricsal degrees
in a ten pole motor 2as in a two pole,but it travels a smaller
portion of a revolution in p=ssing 360 electrical degrees,
thus the speed depends opron the number of poles a given point

e
would pass in going completly around the stator.



Chapter IT1
S1ip,Current and Voltage kelations,and Torque.

when the rotor is at';EQEEZIIIITIhe frequency of the current
in 1ts coils is the ssme 2= that of tie stator.The rotor now
bears the same relation to the stator in this respect,2s the
secondary coil of a tranaformer doeyg to the primarye. The sreed
at which the stator fiux rotates is calle? eynehronous speed.
As the rotor staris to turn,the difference between its speed
anl that of the rotating field bscomes lees,thus the frequency
in the rotor becomes less,until 2t synchronous speed it would
be zero. This relation will be a straight line funetion.

“he s8lip,vhich 18 the ratioof tre Aifference between the rotor
and synchronous speeds,aal tre synchronous sreed tLus;
Syne speed = Rotor speed
(6) 011D ® eccccaccccacccccacccccecaaa
Srn. speed
will vary in like manner. Then the frequency at any rotor speed
will be,

(7) £o= 8f} ,where f1l is the stator frequency snd 8 is the
8lip expressed as a decimal. “he resistznce of the rotor re-
maine practically constant.

The reactance will be 2IIfL,where L is the inductance in
Henries.L remains constant,and so the reactance will vary as
the frequcnoy. Trom this we obtain;

(8) Xp®sXj,where Xj1a the reictance at standstill.

Prom tne following eyuation for any inducsei voltage;

(9) &= 4.44 n £ F,,, 10-9



it becomes apparent thet,assuming constant flux,the induced
rotor voltage will vary directly as tne frequency.dssuming
a ratio of transformation from the primary to secondary of
one,the voltage induced in the rotor at any instasnt may be

expressed by the following equation,

(10) xp = Eys ,where i] 18 the stator voltage.

(2}
“~

The current in the rotor,I,,will then be,

¥

(11) Ig = ceacBeo-
Zp
8 Ez

(r ¥32X7)

From this equation it can be seen that with a small increase
in 8lip near synchronous speed,the gurrent will be greatly
inecreased ,and so within the ratel ocapacity of the motor the
81lip will be comparatively small.Take for example the following
small 110 volt motor;

Voltage induced/phase =70

Resistance of rotor/@z 1 ohm

Reactance of " "1 "

»8lip = 1 and 4
70 x .01

¥or 1 s slip, Ig = ittt S «7 amp.
(1 % .0001) |

7) x 04

For 4 4 s8lip Iz = momemmmem-== g 2.8 amps.
(1% .0016)

The later would be about full load for the motor.
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The power factor in the rotor will be --E-.or in full
Zp
8, -2 (12)
notation, co89,% eecccaccez-z-
' 27 (12 ¢ a%x8)t

The torque in any motor 18 proportional to $ @p ,or to
¢113. Applying this to alternating ourrents:

P o ¢1Ig cosl>o (13)

“rom equation (12),it is seen that the maximum reactance
is reached wien s®= l,or in other words at standstill.Therefore
at this time the power fzctor will be the smallest obtainable
at any possidle condition. iccording to equation (1i3),the
torque will be decreased materially.ds many conditions arisue
which require & large starting torque,some means must be used
to supply this demand.

From equation (12),it is evideni thet if rp be iucrease?,
the power factor at starting will be increased. In the squirrel
eage type rotor,the rotor bars are rigidly fustened to the
short ofrcuiting rings,and so the phagses cannot be opened
and resistance inserted.However in tiie wound rotor type the
phasges are left open and either brought out through slip
rings to external rheostats,or resistances are placed in the
rotor controllel by an automatic device which snorts the
resistances out as soon as the rotor comes up to a set spced.

Tre ratio between r and X which will give max. torjue at

variable 8lip may be found by Ai{fferentiating the general
expressior for torque,
® By rp )
T X ==-pesesezee=es ,3nd finding the maximum by setting
re+ 8°X3

the result equal to zero,and solving for r in terms of X.



10
Differentiating with respect to 8 and setting the result
equal to sero,(replacing ¢qand £z,vhich are constant,by k)
&t _ {2+ s%2F)Kry - Erpe(2exd) |

as (r+ 9%x5)2

Pissardirpg the denominator and collecting;

rg + 82x5 = 2 8fx%
2 .

and extracting the sguire root,
re = 8Xo (14)
Then the power factor for maximum torque will be a constant,

thus;
substituting ege (14) in (17)

r
cos 9for max. torque = --=» "22’1f°'
(I‘g+ rg) =

2 o2s = 707 15
2; ( J)

At standstill the slip is uwnity. Sudstituting the full

notation for torque as used in the general egquation thus;

Egrgﬁi
T o -=3="3"" (Sube the notation for Ioand 008021

ré x
Bow if the equation 8= 1 for standstill and r, threrefors
® X-,be substituted in this eguation,

NE
T & ___.f___ owhich is the maximum torque st starting.

2ro
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Chapter 1V

Losses in Induction Xxotors.

The following in an induction motor must be found in order

to determine the efficiency;

(1) Copper loss in the primarye. = Iirl
(2) = °~ w m " geconlary - I%
(3) Irom loes in the magnetic cirocuit,due to hysterésis
and eddy currents.
(4) windage and friction.
hether the motor windings are connected delta or4wya.the
copper 10ss will be = 3/2 I®R (17),where R is the resistznce
between the terminals of the three phase winding.,and I is the
line current. Equation (17) applies to both the astator and
rotor,but of course in the squirrel cage winding the phases
cannot be openel and so the equivalent resistance is used.
If the rotor of a motor {s open eircuited and the line
voltage applied to the gtator,the wattmeters will read the

sum of the iron loss and the I°r loss in the stator.Then,
Iron loss = Total loss = I°r (18)

Tkhen 1f the rotor is shorted and the motor started,the
difference between the total loss and that in eq.(18) will
give the windage and frictiom loss.(except for a small I°r

loes in the secondary,which in this case is negligible)






PART 11

12

Methods of Finding Pata for the Construction of Operating

Characteristic Curves For the Induction Motore.

Chapter I

The Constant lagnetizing Current Circle Tiagram.

In this discussion the data taken from the two motors M-8,

and M-9,which constitute the concatenation set under con-

sideration,will be used.The data taken from the name plates

of the machines is as follows;

M-8
Kodel, No. 69 A 415
Type ‘ }T948 €-10-1800
Form CL
Volts 220
Sec. Volts 170
Ampse. 269
Sec.Amps. ?8.
Roe Kr
Speed F.L. 17256

Both motors 3¥,60 cycle =

U-9

73 A 586

27696 6-10-1200
CL

220

165

27.8

20.

U .

1145

Built by General Electric

The first test run on the motors was the open circuit test.

This gives the windage,friction and ocore loss.The data taken

wag as follows.

M-8
1 Io I W Vio
Meter 1 3 1
No.6188 8889 22012 3443 1118
Scale 0 =-.10 0 = 1.5
K 1 2
9.4 7.16 8.7 <277 .516
AVve
Used 8.42

El-s  Ep.z  Ej.3
16759 21873 21656
0 - 300
1
220 216 219
218.3
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-9

Same meters and constants.

Il Io I3 Vi1 B2 E1-3 Eo_3 Ey.3
906 8025 808 -.37 0595 220 220 220
Av, 8.88 220

The next test taken was the short circuit test.This is taken
at reduced voltags.lt gives the data for the computation of
short cirocuit current and the copper posses.Reducel voltage
practically eliminates the iron losses by reducing ¢1.Aa the

motor does not run there is no friction and windage loss.

M-8
I, I I W ¥ Eq_ E,_ -
Meter 1 2 ) 1l 2 13 2=3 1-2
§0.10029 22010 21518 207 208 3228 2561 18023
X 6 b 1 23 g 1 1 1
508 508 1802 026 -009 46.2 46.2 4602
Av. 18.9 46.2
' 1i=-9
(same meters)
4.00 3.8 19.5 =,1156 .32 51.76 50. 5l.4
Av. 19.5 - 51.06

The data taken will now be worked wp into shape for dsménsion
-ing the circle diagrams.
N-8
After averaging the values in the short oeircuit data,the

following Pigures are found,
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e 26 = o409
I." 1809 Afﬂpeo w s cemcccaecee X o .425 vatts = 4602
.001

The ratio between line voltsge and the voltz2ge applied is,

220
ece~e 34,776 ,and as the short circuit current at full line

46.2
voltage will vary as this ratio,then Iy 4 willl equal,

4.775 x 18.9 = 90.25 amps.
The power varies as Iz.therefore the power at short eirouit
will be, 425 x 4.775%= 9675 watts.The power factor is;
475

0088gy & e-ea comemee=a = L2815
3:ix 462 x 1849

The resistance between terminals=.28 ohuse.
Then the IR loss in the primary end-geeendary at short circuit
1s, 3/2"x°90.25%= 3414 watts.“rom this the I2R_loes is found to
be 9675 = 3414 = 6261 vatts.
The following values are obtainel from the open oircuit data,
I 38.42 ampse. We(515 « £277) x 2 = 476 wattas E=218.3 v.
Then 00800g® =-g-228ccacacaae = ,1488 or p.f.214.95
3°x 8442 x 21843
Jote: All wattmeter readings were checked for sign in case of
open oldrouit by addigg a mechanical load,and in case of short
cirocuit by removing one wattmeter,
d-9

On short circuit the following average values were used,

I® 19.5 i@ (320 =« 115)2.b=501 watis E=53.05 v.
220

Then the voltagze ratio® =wwee-e 24,32,and the full voltage
51.05

amps.*19.56 x 4.32-84.25 Amps.
The short cirecuit watts = 501 x 4.3°22 9540 wattse
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The power factor,co0s9gg =--3§Ql----~-- s L,291
3cx bl x 19.5
The resistance between terminals is = .418 ohms( primary)

Then the ocopper loss in the primary is,
3/2 X 418 x 84.252 S 4454 wattsyand the secondary copper loss

18 9340 = 4454 = 4886 watts.

On open circuit the values were as follows,

I®* 8.88 amps. \® (595 - 370)22450 watts =220 volts.
w 450
60 S = - s «133
oo 3%z 220 x 8.88

In giving the proceedure for the construstion of the circle
diagrams,the data taken on M-9 will be used,that of the other
being constructed in the same manner.

The open ocircuit ocurrent of 8.88 amps. is first drawn in.
Shis vector makes an angle with E,whose co08 18 .133.From a
tabdble this angle is 82.3 degrees.The easier way is to resolve
the veetor into its horizontal and vertical components and in
that way locate the point.It is assumed in this diagram that
the magnetizing ocurrent is constant,and,as the friction and
windage in any given machine depend only on the speed,these
will also be practically constant.These losses may then be
represente’ by a straight line drawn from the end of the vector
perpendicular to the E vector.The short cirocuit current is
then drawn in,as in the diagram,at an angle whose cos 18 .291
and in the same manner as the open eircuit vector.The locus of
all ocurrents will then be a semi-cirele whose diameter lies
on the no load loss line ov,the points o and ¢ being on the

circumference.This determines the circle.The primary current



will be a2 mimimuma when equal to mo,and all other points of its
extremity will 11e on the circumference of the cirole,the
eorresponding secondary current vector being drawn from o to
the same points.The secondary copper loss is assumed to be
sero at o,and 80 a line drawn from o to ¢ will be the limit of
the secondary copper lossea.The line sy is the in phase compon=-
ent of the 84.24 amps.short circuit ocurrent howerer as the
product of this component and voltage gives the power,and this
voltage is assumed constant,then if the line s be ldyed off in
watts,the total length being the total short circuit loss,it
will de a true measure in all current components.Thus if the
9340 watts be divided equally among the number of sraces on
the grapl paper,it will form a true scale of power in watts.
The Circle diagram of which the following 18 a copy,was
drawn up to & much larger eczle and the recorded values taken
from that,giving much greater accuracy.The point G is the
division between the primary and secondary losses,and a line
oG will divide the primary and secondary losses at any load.
If a quadrant be drawn from the vector E to the x axis,and
the dictance out to its intersection with E be di¥ided into
100 parts,then from trigonometpy,a perpendicular dropped from
the intersection of the circumference of the quadreant and any
primary ourrent vector,will indicate the power fasctor directly

on the scale.

16
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The loss line 0y i8 now extended to the line MT,intersecting
at the point H.A perpendiocular is then erected at the point
H,and from a point F; on this 1line ,a line drawn,parallel to
MT,and intersecting the lineo. at N.Then if this line be divided
into 100 parts,the point of intersection of a line drawn from
point H,through any current value on the circle,and this scale,
will designate the efficiency.The scale reads O at K,and 100 at
H,This method of finding the efficiency is derived from similiar
triangles thus;

FL:EH: :HE1:ENy
and HLIPL::Nyjn:HN)

Multiplying these two equations ;
PLIPL: NN N B

or Total loss: input:: Fjmnil00

Thus N;n represents per cent loss,and consequently Hn 1is
per cent efficiency.

If a perpendicular be erected o,tangent to the eircle,and
from some point on this line,another line be drawn parallel to
oG,this 1line may be divided into 100 equal parts and used as
a slip soale.The point of intersection of the slip line and
the secondary ourrent will give the % slip.This proof is based
on similiar triangles as in the proof in case of efficiency.

The large oircle diagram was drawn th the scale of 6 amps .
t0o the inoch in the case of current ,the power comming out to

be 2000 w=tts to the inch.Thus in the case of full load,as is
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illustrated in tiae accompanying diagram,the output FF¥ must be
equal to 7460 wattsywhich on the large diagram would dbe 3.73
inoch spaces.(As stated bdefore all fllastrations refer to l-9)

The line XP i8 the primary current for full load and is equal

to 26.75 amps.At the same point the secondary current is 22,00
amps. ,the 8lip 65.3%,the eff.85.7%,and the power factor 83%.

A series of points were then chosen along the circumference,

and the data obtained used in the plotting of performance curves.

The following are the data sheets;

u-9
Ip I, Cos® Slip %8yNe %eff. H.P putput

10.26 3.8 .49 <937  99.063  T4.7 2.01
14.00 8.76 .73 £.00 98.00 84.4 4.56
18.76 14.00 .80 3.19 96.81 86.57 6.9
26.75 22.00 .83 5.3 94.7 85.7  10.00
30.00 25.00 o829 7.00 93.00 84.8  11.65
36.256 B81.26 o816 7.65 92,35 82.7  13.12
44.25 328.5 .78 10.47 89.53 79.00 14.75
53.00 46.4 <73 10.93 89.07 74.00 15.3
64.5 57.00 .63  21.56 78.44 64.2  13.9

69.5 61.6 «568 26.56 73.44 67.8 12.00



Ip
9.8
13.5
18.25
24.25
£9.00
35.5
42.5
51.00
58.0
67.0
80.4

Is

3.8

8.75
13.75
19.756
24.756
30.75
37.2
45.2
52.0
60.0
72.5

c0s89
b2
74
«82
«855
«85
«84
82
78
74
«6b
«50

¥=-8
slip
1.125
1.876
3.1
4.97
6.3
8.2
10.35
13.156
16.7
21.5
38.00

~eyn
98.875
98.125
9649
95.03
93.7
91.8
89.65
86.85
83.3
78.5
62.00

feff.
71.41
83.6
86.00
86.5
85.6
83.75
81.26
77.5
73.00
66.5
51.7

19

HeP.Output
2.09
4.79
7.46
10.00
12.12
14.25
16.17
17.7
18.00
17.15
11.43
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Chapter I1

The Brake Test.
Only enough points were taken in the brake run to serve as
& check on the cirole diagram,and to offer a comparison between

the two methods. The following is the data together witn the

computed values of efficiency,power factor,and outpute.

M-9

Ip Wg E T EP %ELLe % Pl
20.356 6100 218 30 lb-ft 6.7 82, 8l.
26.00 7600 217 40 " 8.73 85.6 8l.

38.256 9400 214 B0 "™ 10.56 83.7 83.2

42.6 12400 212 70 "  13.6 81.6 79.5

In the adove computations,the following formules were used;
T x 6.2832 x 1200 x % syn.
" 33000 x 100

E.P.

(The % syn. was taken from the sirole diagram)
HePe x 100
Wt x l.34

#Effo s hadend

g

P‘F. = - = e gp w0 Wb o>

3" x Ex Ip

The same points of outpu$ on the circle diagram compare as €

follows; ,
Ip % Eff. # PoF.
H.Ps» Bk C.D Bk  C.D. Bk. C.D.
6.7  20.36 18.8 82,  86. 81.00  80.00
8.73 =26. 28, B85.6 85.7 81. 83.

10.66 30.26 27.00 83.7 85.00 83.2 83.
13.6 42.56 38.00 81.6 82.8 79.5 82.00
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M-8
Brake test data and computed results;

I, Wy E T % Effe E2 % PeFe
16.15 4650 215 16 sx. B.44 B85
27.6 9100 211 30 84. 10.25  86.
45.3 13200 206 44 84.5 14.956  81.7

The only difference in formulas is that of EP,

T x 6.2832 x 1800 X % syn.
33000 x 100

HP =

Placing the comparative values of the two different methods

in ad jJacent ocolumns,

Ip FELL. % PoFe
EP Bk. OODQ Bk. c.D. Bk. c.D.
5.44 16.15  15.3 87. 8b6. 77.6 .
10.85 27.6 23.3 84. 86. 86. 85.

14.956 45.3 38.00 84.5 84. 81.7 83«
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Separation of Core EKoss from Friction and Windage.

The resistances of the different windings will first be
given in tabulate? form;

The resistance of the stator windings was found by the IX drop
method.The following are the averages of a number of readings.
(These are the same as were used in the computations for the

eircle &iagrams.

-9 M-8
«209 ohms/ phaae .14 ohms/phase.

The resistances of the rotors were found by the wheatstone
bridge method.The bridge was set up on the motor side of the
set,and facing the motors,the phasej were in a position denoted
by the following véiw.The bars denote the slip rings.Brass strips

were slipped under the dbrushes,thus assuring perfeot contact.

/I {

z ) 4
¥-9 M-8
I-Y . A Y-2 X-Y X-2 -3
51 b ob «4b 45 o4b

As denoted In the vélw,these resistances are betwesen terminals.
Assuming that $he Yotor is wye connected,the resistance of the
phases will be one half the terminal values. The data for the
test with the secondary open ,2nd then with the secondary closed

will next be given,leading to the separation of the losses.
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U-9

Secondary elosed-lotor running-No load.

I (average) Vg E

8.88 o445 Kevie 220

Secomdary open = [ot running.

b ¢ ‘a') Wt E
8.97 e 307 K.'ie 220

¥-8
Sesondary closed-Motor running-No load.
1 (avd | W E
8.42 «476 218.3

Sesondary open- not running,.
I (av) We 8
8.73 e 337 220

Seperation in i-9

‘he eore loés in -9 will be equal to the difference between
the watts loss at open secondary and the IR loss at that current,
that 1s g = I°R « The current as seen above 13 8.97 amps.
an& the resistance /J is .209 ohms. The core loss will then be,

me® 307 = (3/2 x 209 x 8.97%)
8 307 « 25.3 ® 281.7 wattis core losse
On open circuit the losses consist of core loss,I2R loss,and

windage and friction.This is,of course with the motor running.
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[N
The core los3 has been found,ind the 1<i loss i3 found as

before,usins tre closed secondary test current.
Thus; “indage anl "riction ® "4 - core louss = g
or gy, f ® 450 - Z8l.7 - (8.88%x 3/2 x .209)

450-1861.7 = 24.67

143.05 watts “riction ard windape.

Jepiration in ii-8
"he oore loss eguztion is;

o 537 = (/2 x «14 x 8.73°)
= 337 = 15.95

® 301.05 watts core 1lnsse.
'’ne =indaze and frictiom loca ecuation is;

Ta.e ® 476 = 321,05 - (3/2 x .14 x 8.407)
s 475 - 321.05 - 14085

S 147.1 wat-s -inlz2re and “ricti-n.

Tabulstinz thece results;

Coro losa ~“infage and friction.
=9 28l.7 wattise. 143.68 ¥atts
.attse

1-8 321.05 140.1

Chansing tirese vilues td el

core L9233 indcpe and rrictione.

=8 «43 kp $1857

kp
Lp



PART 111

A Vethod of Speed Control.
Concatenation.

Juppose that & certain six pole,wcunl rotor,60 cycle induction
motor 18 loaded to such &an extent that its slip becouocs 20..
“hen the rotor current frequency w»ill be 2 of 6) or 17 cycles.
Lov i1f trhis lox “regucncy be fed to the stator of a second motor,
say a 4 pole machine.thérg%eeﬂ 0? the secon? nmacnine would be
only 12/60 or <2 1ts noraal upecl.Thus 1f tre motor were designcd
for GJ cycles,its srec? would be only £ x 1823,0r 36J re.pe.me.
Cf course 1t would bve difficult to take a conmon motor an? load
it to 3. slip,rs 1t would be prolucing sabout dcuble its rated
ocutput.i:ot only trat,it would reguire comatant loadiny of both
motors rhen feelins one unchine fro: the otrer,wrich coniition
would not nret proctieal rejguirementse

Loy euprose irat tne rotor ékafts o? ithe two motors are couple?
together,oend neitiier motor lo=te?,but feld in ihe same manner ss
in thre 111uutratioﬁﬁggzve.ln other wordg the motors are run in
cascade or concztensztion.

~he formulas {or concateniation srecds will first be derived
for eceneral cnseg 2nd tren arrlled to the conciatenition set
comrosel of (=9 anl l-8.

we—will Trke 28 2n example two motors 1 znd 2,4 heving tie
pre2ter nuwsoer of proleg.’len let Ai,iie motor with tlre grenter
nuker of poles,be feid froﬁ tte 1ing,and B be fed froa tiie rotor
o 4,the rotors beins eculfe? teretnerslet the rotor of i feed

the stator of B in cuch 2 manner that the direction of rot2tion



22

LNdLNO H

0 / z/ ¢ 9 £
h L
o1 _ \\X\\! ot
. \\R.H\
oe " \“ oz
_ e \\\ os
e | e
_ \ \.\
ot ; \\ 0%
os N A+ s
oL W oL
\_ ]
_Jr‘ - Q&
A T 775 | o6
LI
06
d 1.
! MEB |
T oo/ . 00/

G-W SINYND IFONHWEYHOLIY IS

4d
WNAS
147%




23

ANSLNO H
0 &/ LY/ T/ I~ 92 £ o
e
e/ — — o/
L —| T
\ \
\\

ot or
o€ ~ ] 0

\ \\ g ’
ob \ o
os = os
o9 = - > o9

/ \ \\\\\
oL — - % oL

, //Il - ; 3
og == — g

; u/jqﬁﬂb\\t\\.ﬁ\\ \\
il IR N7

~—_
G ¢
) /././

NAST |

00/ 00/

g-W SINYNI FONHWYHOAHIS

s
713 &




24
Chapter IL

e 1 1 J

The Brake Test.
Only enough points were taken in the brake run to serve as
& cheok on the circle diagram,and to offer a comparison between

the two methods. The following is the data together with the

eomputed values of efficiency,power factor,and output.

M-9
Ip Vig E T BP HifLe % PePe
20,36 6100 218 30 1b-ft 6.7 82. 8l.
26.00 7600 217 40 " 8.73 85.6 8l.
36.25 9400 214 50 " 10.56 83.7 83.2
42,6 12400 212 70 "  13.6 8l1.6 79.5

In the above computations,the following formulas were used;
T x 6.2832 x 1200 x % syn.
33000 x 100

EoPe

(The % syn. was taken from the sirole diagram)
HePe x 100
Ky X 1.34

4xRee, =

Vig

P.F. g - - g o = @ W o

3 XExIp

The same points of outpuy on the circle diagram compare as €

follows;

Ip % Eff. % PoFe
BePe Bke ©C.D  Bke  C.D. Bk. C.D.
6.7  20.25 18.8 82.  86. 81.00  80.00
8.73 26, 23, B5.6 85.7 8l. 83.
10.66 30.256 27.00 83.7 85.00  83.2 83.

13.68 42.6 38.00 81.6 ©82.8 79.6 82.00



M-8
Brake test data and computed

I, Wy E
16.15 4650 216
27.6 9100 211
45.3 13200 206

26

results;
T % Effe E2 % PePe
16 8%. 8.44 8.0
30 84. 10.25  86.
44 84.5 14.95  81.7

The only difference in formulas is that of EP,

T x 6.2832 x 1800 x % syn.

Ep =
33000 x 100

Placing the eomparative values of the two different methods

in ad jacent columns,

HP Bk, Ce.De Bk.
8.44 16.15 15.3 87.
10.25 27.6 23.3 84.
14.96 45.3 38,00 84.56

% PoPe
C.T. Bk. C.D.
85. 77.5 7.
86. 86. 8s.
84. 81.7 83.
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Separation of Core EKoss from Frioction and Windage.

The resistances of the different windings will first be
gliven in tabulate? form;

The resistance of the stator windings was found by the Ii drop
method.The following are the averages of a number of readings.
(These are the same as were used in the computations for the

cirocle diagrams.

¥-9 M-8
«209 ohms/ phaae «14 ohms/phase.

The resistances of the rotors were found by the wheatstone
bridge method.The bridge was set up on the motor side of the
set,and facing the motors,the phaseé were in a position denoted
by the following véiw.The dbars denote the slip rings.Brass strips

were slipped under the brushes,thus assuring perfeot contact.

/[ [ [/

z Y X
¥-9 M-8
I-Y X-2 Y-2 X-Y X-2 =3
51 5 ob e4b 45 o4b

As denoted In the vélw,these resistances are between terminals.
Assuming that $he Yotor is wye conneoted,the resistance of the
phases will be one half the terminal values. The data for the
test with the secondary open ,and then with the secondary closed

will next be given,leading to the separation of the losses.
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K-9

Secondary closed-}otor running-lbo load.

I (average) Vig 2

8.868 045 Kabie 220

Soocomdary open = [lot runninge.

I ‘a') Wt E
8.97 e 307 K.Ve 220

¥-8
Seeondary closed-Motor running-Ko load.
1 (avd | Wy E
8.42 «476 218.3

Sesondary open- not running.
I (av) We 5
8.73 « 337 220

Separation in i-9

"he core loss in -9 will be equal to the difference between
the watts loss at open second2ry 8nd the IR loss at that current,
that 1s g = IR « The current as seon above 13 8.97 amps.
an& the resistance /§ is .209 ohms. The core loss will then be,

to® 307 = (3/2 x «209 x 8.97%)
& 307 = 25.3 ® 281.7 watis core louss.
On open circuit the losses consist of core loss,I®R loss,and

windage and friction.This is,0f course with the motor running.



The core loss has been found,an? the 123 loss 13 found as

before,usinz tre close® secondary test current.
Trus; “inYage and “riction ® "4 - core loss - 17z
or iy,f ¥ 450 - 281l.7 - (8.88%x 3/2 x .209)

450-:61.7 = 24.67

143.03 watts “riction ard windarpe.

Jeptration in -8
bo oore loss eguztion is;

oF 337 = {3/2 x +14 x 8.75%)
= 337 = 15.95

® 321.05 watts core 1nsse.
''ne =in1azo and friction locs ecuation is;

o.¢ ® 476 = 321,05 - (3/T x .14 x 8.42%)

2 476 - 321.05 =~ 14.85

142.1 wat' s -inlare aud “rictisne.

Tabulstinz tleze results;

Core losa ~indage and Triction.
=9 28l.7 watts. 143.63 w¥atts
3

k=3 321.05 140.1 .atts

Chzazing tiese v2lues to l'ers

Core Loss .inlnge and rriction.
19 377 ©p «1923  hp
-8 «43 Lp «18°7 Ip

29



PART 111

A Vethod of 3peed Control.
Conecatenstion.

Suppose that o cecrtain six pole,woual rotor,60 cycle induction
motor 18 loaded to such 2n extent that its slip becoweos 20 ..
“hen the rotor current freyuency »i{ll be .2 of 6 or 12 cyclese.
oy 1f this low 2regucency be fed to the stator of a second nmotor,
832y 2 4 pols machine.thgyg%eei 0o? tkhe seconl macnine would be
only 12/60 or .2 its rormal eperl.Tlus 1f the motor were deusigncd
for GJ cycleus,ita sneel woull be cnly «£ x 1823,0r 262 repeme
Cf course 1t woull bve difficult to take a conmon motor an? lozd
it to 7. slip,rs 1t would be prolucing about double its ratcd
outpute.i.ot only tiat,it woulld recuire conatant 1lo2d3in2 of both
motors rhen fee?ins one ui2chine fron the othrer,shlch con?ition
would not nret proctical reguirementsa

oy suprose trnat thne rotor éhafts of ilhe two motors are courle?
torether,8nd neitier motor lo='el,but fed in the snme manner ss
in thre iliustratioﬁwgﬁzve.ln otrer wordg the motors are run in
cageade or conecrtenztion.

“he forzulas for conc2tenation srecds will first be derived
for eoneral cfseg 20l tren aprlled to tihe concitenttion set
comrosel of =9 onl =8

—e—wi31l Tnko 28 z2n exanrle two motors i 2nd 2,3 Lkevirny the
gre2ter nwcoer of poles.’lsn let 4A,the motor with the gre~ter
nuwxker of poles,be fed froé tte 1ine,2n1 R be fel freoa tie rotor
of A,t:e rotoras bdeine cu{?oi tcretnere.Let the rotor o? i fecid

tre stator o0f 3 in rcuch 2 manner that the dircction of rot=tion
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of t:e magnctioc flelds of the two ctators 1s the saze.Then let
X ® Lo concatenation speed.
“ith the motors running in cz2ecuade,the pumoer of &llcirnations
of tre current in tire rotor of 4 (pere. ming) will be,
( synckronous spee' of & = X) x no. of poles in the stator of 1,
whicr 18 eqe{l)e
‘g t.e sneed variea a3 the no. 0 poles,the 3peed of the €ield
of B vill bde;
no.proles A
(.yne srce® 0f { « X ) =ccmemaccecca- (2)
no. poles 3
Put a8t no loe? there is no loss in the rotor of 2,2nd consejuent
-ly thers can te 2:3ume? to be no slip.Then the field sreo’ of R
w11l bte the concatenation ryee’ of the set,
no.ypcles A

no. poles B

Thls mctho? of conncetion i3 c2lie? cummulative concatenztion.
cubztituting the con:ztuhts ¢f L-9 and -8 in the egurtion (&),
6
A3 (1200 = X ) wwcccea-
4
5/¢ 1= 13720
X = 780 repeme the urced of trhe sot in cum ulstive
concater2tiion.sIt may be scen tiat trio is the cpee” of a motor
havin® tho g2me rnuuber of poles as the swa o7 ‘reege two moters

or ten volcs.



Now suppose that lLotor B is fed from the line and motor A is
fed from the trotor of B ,in such a way that the stator fields
rotate oppositely.Then the connection i3 8211 to be a1fferntial
concatenation.As the rotor in motor B is now rotationg against

the stator field,the number cf alternations per micute will be;

(18004 X)4
And the concatenation spsel will be,
4
(1800 + X) e=~=ce--8 X
6
Then, 1/3 X = 1200
X = 2600 r.peme,the speed in diffrential concatenation.

This is seen to be the speel of a motor of the number of poles
equal to tﬁe difference of the number of poles of the two motors,
or two poles.

Prom the above diecussion and formulas it can be seen that 1f
the motors have the same number of poles,the diffrential conzat-
enation speed will be 0,and g0 the set has only 2 possible speeds,
that of cummulative concatenation and that of either motor.Some—
times one stator is provided with all the coils,but in this case
it i8 more efficient to regroup. 1ihe coils instead of using
concatenation as 3 mettod of speed control.

In the case of cummulative cascade,the frequenscy of the rotor

current in A is -129223522----- x 60 = 24 cycles ,or 40 of the

stator frequency.7hen 40,5 18 transmitied to the other machine

and 69, is chanzsd to mechanicsl power in A.
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Concatenation Test Tatae.

In oummulative concatenation,sbrake test gave tie following

data;
; 7 1b=2t F.P. .
Ip E ¥ 5541 DeFa T Opeed 1n  out 5 EEf.
16.9 218 1000 8050 16.6 O 723 o o
16.6 216 2100 6180 34. 14 792 2.818 1.9 67.4

18.6 214 35600 6885 52425 23 721  4.825 3.8 78.75
23.4 213 4760 8625 66,1 40 718 6437 b5.44  85.4
26. 209 6020 9400 64. 48 710 B8.08 6.5 80.4
30.6 210 6430 11100 57.9 52 695 8.6256 6.79  78.8

The bresking point is at{ about 55 1d-ft and 33 amps.

Using the same points and values of output,the following

data was obtianed for the power transfer to M-8,

Ig Eg vg JFrequency

6.9 83. 140 24.°5

8.48 8l. 730 £4.5
12,1 79 1360 24.75
16.25 75. 1780 265.
19.62 72. 2225 25.26
22.25 68. £400 £5.56

Now,if from ths total input,the losses and friction &nd windage
together with the power transfer to ii-8,be subtracted,the rest
will be the power delivered tbh the shaft by -9, Assuming that
the no load losses are constant and egqnal to 450 watté.and that
the copper logsses aro the sum of the losses in the primary and

secondary,the following data is computed;



(1} (2)
Total Total Power No load IR, IZRg Total 1-2 EHP HP
BP Input Trans. loss U-9 ¥-9 3ITranse. M-9 U-8

1.9 2100 730 450 165 54 1399 701 «94 .96

3.8 600 1360 " 217 109 2236 1364 1.82 1.97
b.44 4750 1750 " 342 197 2739 2011 2.7 2.74
6.5 6020 2225 " 423 288 3786 2634 3.54 2.96
6.79 6430 2400 n 665 280 3795 2635 3.49 3.30

»rom 2n inspection of tre I'e®. output valvee for k-9 ard -8
it can e2sily be seem that the output does not divide as it was
explained that it should in tlLe theorye. The stator of M-8 is fed
with ourrent of abvout 25 cycles,which greatly reduces the ind-
uctive reactance. Thus the power factor of this motor is greatly
in exoess of that of M-9.Although fed with ocurrent of much lower
voltage than M-9,thie imncdance of iIts windings is much less and
80 & large curreut flows at high power factor.The two motors are
of the same rating,and naturally their windings would be more
evenly balsnced ihan as if one were a large motor and the other
a small one.As the rotor circuit of -9 and the stator circuit
of l-8 are in series,ths increase of impedance tendis to hinder
the ocurrent in these circuite from rising very rapidly,.,as would
be the czse if tre motors were operating independantly.This tsnds
to favor M-8,but not M-%.0ther factors which aid K-8 are(l);The
voltage being low,tke irom losses are much less;(2) The same may
be 33id of the frejuency;{3)The speed of M-8 is much less in
proportion to that of ¥-9(xelative to their normal speedsg),that

2The power loss in its cooling fan i:c small.
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As & reference,and as an aid in gaining a better idea of the

division of load,the outputs have been plotted against torque

as fsllows;

7
7.
6
5 pd
Y V
o
4
3 pd ,/fffji’*’
/ "". - b*—:;/
S )
M:
2 7 P e
/ — _
s /0 155 2o a5 30 35 S0 4S5 5o
T(L8-Fr)
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Differential Concatenation.

The following no load data was taken with ihe motors
connected in differential concatenatién;
Ip Ep vy % pefe Speed
27.2 208 4560 46,5 35600
I'o 10ad test wss run with the motors connected in this manner.
Pull load ocurrent waa already flowing to ths machinen,and the
input wrs well up toward the 1limit reached when loaded in ocuum-
ulative. The set became very unstable when arproaching the
speedo? a two pole motor,in faet 1f the resistance were cut out
of the rotor eircuit as guickly as it is ordinsrily done,the
set would stop. The resistance in thie rotor cirouit made a
difference of aovout 500 rrm. in the specd of the set,that is;
Cpeed with Liesistince 1. Aca3istance Cut.
2000 rpm. 2500 rpme
There are several re2sons why the ro lo24 losues should Le
80 large. The great inorease¢ in the speed incireaaes the power
loss in the cooliug fans. This power loss raises as the ocule
of the speed,thus it becomes 8 times as great in the 4 pole
motor snd £7 times as great in the 6 pole. The frequency in
the rotor of the motor in whick the rotor 1s revolving opyosit-
ely to the field,becomes exceussive. is this is the rotor of
M=8,the lrequency is three times as great,and this £lso fee’s
ithe stator of M=-9. An increiuce in frequency is acconpanied
by an ingrease in iron losses. Thea again Lue motorc are

carrying full load current,uwl.ich means & largo IR losse
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General Tiscussione.

The treory tnat has been developed andi 2pplied to these motors
in the foregoing pages nas checked quite closely with the results
of the brake tests on the machines. Probably {the greatest variate-
ion was in the case of the division of load when in cumnulative
concatenationes The theory as stated may be found in Karapetoff's
"Experimental Electrical Engineering) vol.2,ptge 384. He glves
no proof,but merely givss it as a statement. 43 before atated,
the motors in this case being of the s2me rating,and differing
by only two poles,the windings will be more nearly tslanced,
which may =2ccount for the more nesrly equal division of load.

The tests with tke set running io differential concatenation
prove that this is not a practical method of obtaining 3600 rpm,
as the set consumes its full czpscity in losses,and 80 is unable
to carry any outside load. ¥urthtermore,the set is not always
self starting when conmecte?® iu this way,although without lozd
it will start in most rotor positions. Even 1f it 41d afford a
erall amount of power,the time required to bring it wp to speel
would make it too inefficient for modern shop practice. The
etudy of the ret 1s excellent,however,in that it dbrings out

many points of interest to those dealing with induction motors
| ]
which would otherwisa remain obscure.
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