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Introduction. \

Synchronous lMotors are not used for ordinary
power work such as, in mills, hoisting, and railway trains,
because they have very poor -starting torques unless they are
supplied with compensatiq? windings. Consequently they are
used in cases where it 1s not neéessary to start any appre-
clable load. Thelr use may therefore be applied in substa-
tlons, where motor generator sets are required. Also in con-
nection with frequency changers, and as synchronous condensers.

lﬂ

o

The operation of synchronous motors under b
anced conditlons is well understood, and more or less thor-
ocughly worked out. Since it 1s usually assumed in practice
that- the voltages are bélanccd, or are very nearly balanced,
little attention has been paid to the operation of these types
of motors under unbalanced conditions.

However, 1ln practice the voltaeges of three phase

systems are almost always unbalanced to a greater or less

2

degree. Ince this 1s true, the author of this paper has made

a study of a three phase synechronous motor in order to defer-
mine whether o¥ not it ié possible to predict with some pre-
cissioh, the charactéristics of such a motor when the voltages
are badly unbalanced.

The greater part of the problem of trying to
predict the operation of synchronous mobors under unbalsanced

conditions consists in determining the values of the impedances



to the uniphase and reverse phase components of the impressed
voltages and currents which are unbalanced. With all the con-
stants of a motor known, Including the uniphase and reverse
phase impedances, it is then only necessary to consider the
éffect of each component of the impressed voltage separately,
and finally to combine these¢ effeects to obtain t
characteristics of the machine.

S8ince the reverse phase impedance is a very
important factor in the prediction of the operating character-

istics of a motor, a great deal of time has been spent in try-

=

ing to arrive at some logically correct velue to assipn to

Us

£
this impedance, which will bakeusécount, as nearly as pos-
sible, of all the variastions due to the unbalsncing of the
line voltageé.

Due to the lack of time all correctlons of in-
strument readings have been neglected. But care has been
taken to see that in every case the instrument nesdles were
set at the exact zero point of the scale. Also all decimal
readings have been estimated as accurabtely as the eye would
permit, and as small a scale instrument as practicable was
used in every case in order that the readings taken might

be as accurate as possible.
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While the eoil moves from A to b, the fece of the coll to-
wards the poles will be southli. There is, therefore, a

force of attraction betweén 1t and the pole "a", and a

foree of repulsion betwesn it and the pole "B". That is,

during the movement from 4 to B there is & fongue which
opposes the motlon of the toll. The product of the in-
stantaneous values of the current and voltage at any in-
gtance glves the power d velooea. The torque is propor-
tional to this product also, since the speed is constant.
While the coll travels from b to ¢ the current and voltage
both reverse, but sinee their product is still positive the
sign of the torque does not change. The tongue is inter-
mittant but it is always positive and since it opposes the

motion of the coil, it correzponds to generator action.

If the load on the generator is such that the

current is not in phase with the voltage, the tengus curve
will have both positive and negative loops, and the average

torgue will be proportional to the difference between the
areas inclosed by these 1oops. It will be positive for any
angle of'lmg br-lead less than 9.0 de rces. A study of
fig. 1 will show this.

If in some way, while the generator iz pummiing
with the éurrent and voltage in phase, the current be re-

versed, the values of tongue, voltage, and current will be

as shown in figure 2. In this case the current and voltage
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The foregoing explanation applies to a
single?phase machine. In a poly-phase machine the torque
1s the algebraic sum of the torques developed by all the
phases and is constant if the currents and voltages are

&l sing .» waves and the impressed voltages and currents are

balanced.



Name Plate Data

q.

8 - C WMachine

1776422; Typc Anl.o I:l 1 4:
=00 = - ur - \

E. Schenectady, New York, Us S« As
D = C Machine
Direct Current lotor,
No« 95871« BShunte:  Type R.F.
Form A. 1. Te H.P.' 15
Volts 230 Amps 59,
Temperature Rise 50° 2 hours.
550 / 1650  R,P.l.
G, E. Schenectady, New York, U.S.A.
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Method of Solving Unbalanced Cireuits.

The method used in handling a three phase
unbalanced system of voltages or currents depends upon
the faet that any unbalaenced three phase system may be
replaced by three component.systems of vectors. The
components of the first of these are identical. They
are zero when the vector sum of the original thrse vec-
tors is zero. They are callad by several names, Zero se-
guence, residual, or uniphase components. The components
of the second system of vectors are balance, and form a
three phase system of the same phase order as the original
vectors. This system is called the direct phase, or dir-
ect sequence system. They are displaced in phase by 120
degreesAjust the same as any balanced three phase sys
of voltages or currents. The third set of components com-

prise what 1s called the reverse phase or reverse seqguence

@

system., This gystem consisfs of three vectors egual in mag-
nitude and displaced in phase by 120 degrees, but their
phase order 1s exactly opposite to that of the original
Yectors. . They, therefore,'fdrm-a balanced three phase
system of opposite or reverse phase order; hence, the name
reverse phase system.

The magnitude of the direct and reverse phase
components of an: unbalancé system of voltages or currents

LY

may be found very easily by a graphical method. Iet us con-

1

sider the three line voltages of a three phase system. The
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ﬁecﬁor sum of tﬁése voltages must be zero whether the systen
is balanced or not. Since the sum of the line voltages 1s

zero there can be no uniphase components present. Sinece the
vectof sum of these voltages 1s zero they can be represented

"l
12 k] 23 r] ;

?%1 represent the voltages. Construct an equilateral triangle

by a triangle. In the figure on page 8a let

2-4-5 on ﬁés as a base. The side 2-4 of this triangle is ?2%
rotated through 60 degrees in a positive direction. The
dlegenal l-4 = ﬁlél divided by the square root of thrée is
equal to'thé_migintude of the direct phase component of phase

1-2. Draw the isosceles triangle 1-5-4 on 1-4 as a bhase, with

30 degree angles at 1 and 4 as shown in fig. page 8a. Then

= 1 s L
l=b6=2 Vig = Vygu 0P w X fap i
= | v3 { = Xg 295 QOO% z0°

Vd-12 = direct phase component for phase 1l=-2,

The reverse phase component of the lmpressed
voltages can be determined by & similar construction as shown
by the ved line in the figure. Using ¥,% as a base con-
struct the equilateral triangle 2-3-4' as shown. Then draw

1-4, on 1-4' as a base construct the isosceles triangle,

=
1-4'-5 with 30 degree angles at 1 and 4: then Vg - =30° =
the reverse phase component of phase 1-4. ¥8
If, however, uniphase components are present ‘

the vectors do not form a c¢losed triangle, consequently the

uniphase components must be determined by a mathematical sol-

utien. TIn this case the angles between the vectors must be
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D;’agram for grap/u'ca/ Solution orfunbealariced
Threephase /ine Vo/tages.



known.

Let us co
following eirecult. If 1t
tween the current vectors
and f5 proceed as follows
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axls of reference, the angles be-

tween the currents can be found.
With these angles known the vector expressions for the

currents can be written.

=

The vector solution for the direct, reverss,

and uniphase components 1s as follows: Tet Ia- the uniphase

[y
2

component, Iy = the direct phase component, and T_ = the re-

A 3 [ " L ~ - . - - - b= T r -
rerse phase components, all currents expressed as vector

rt
. o e
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Resistance of the Armature.

The ohhic resistance of the armature is small
and 1s easily found by the drop of potential method as will
be explained laters It is of little practical value because

-

it cannot be used in alternatiyg current work, if accurate

results ars to be obbtained, It is the re

(€]
2

igstance offered by

(55

ir

D

¢t current through the

£u

a conductor to the passage of a

-

ntial drop from one end of the conductor

D

¢onductor. The pot
to the other 1s then glven by the product of this resistance
and the ecurrent flowing.
is always used in connection wlth alternabting current work.
It 1s the resistance offered by a conductor to the passage

of an alternative current through the conductor, and is

almost always greater than the ohmie resistanc In either
the B-g or the d-c case the power absorbsd by a cirecult in
o
(]

which there is no ro

o

s : . oy
tating machinery is givenvP= T or R

e

EZ

"

However 1In the a-c case the power is greater, and
consequently the value of R must lncrease, assuming the cur=

rent to remain conatant. The 1nerease ln powsr 1in the a~c

case is due to two reagons; first, local losses are pro-
duced in the conduetdr itself and in the surrounding mater=
ial, due to a changlng flux caused by the alternating cur-
rent. Secondly, the current in the conductor is not -

formly distributed over 1ts cross section. The now unifori



-] B

distribution of the current belng due Lo the difference
in the reactance bf glements of the conductor taken par=-
gllel Lo dl8 axid. |

Direc¢t Phase Impedance (Synchronous Tmpedance).

gai

The synchronous Impedance was measured in

two ways; the shdrt circuit method, and the zero power
Ifactor method., From the curve sheet on page 1l3a the wvalue
of Zs may be obtained by either the zsro power factor method
or the short cirecult method. To obtain Zs by the short cir-

cuit method proceed as follows. Take any value of field cur=

rent, and I{rom the short cirecuilt curve obtain the valie of

e

the armature current corresponding. 0©Call this value of cur=
rent I. TPor the same value of £iel1d current obtein from the
magnetization curve the corresponding value of voltage V.
ThHen Zs = V. . This value of Zs is greater than the normal
Kok

value of Zs under operative conditions. To obtain the wvalue
of Zs by the zero power factor method proceed as follows:
Take any value of field current and obtsin the corresponding
‘valus of Voltage Wy, from the zero power factor curve. With
Ehe same VQIue of field current obtain the corresponding val-
.ue of voltage 2 from the magnetization eurve. Then the val-
ye' of Zsy is given by Z! a

g
e 3 I
armature current at which the zero power factor curve was

where T is the valus of

taken. These two values of synchronous impesdance will be Aif-

-

ferent. The value of Zs obtainsd by the short cireuit method

is f““ﬁf““ on account of low saturation. The value of TN Aa

8
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not contain the grsater error due to low sﬁ%ﬁﬁgtidna‘iea11.  ;‘ G

1m0t exactly cor ' to low power factor, but it does

the ratioc of these &two &mpedanées, el - o (e O fild ST
- ) : st AR R - o

ik . e e | B e (N G
4 Tactor will be used later in connection with the reverse

phase impedance.
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Uniphase Impedance.

The uniphase impedance is the impsdance to
the zero sequence component of the current. It was meas-
ursd by lmpressing a low single phase voltage across the
neutral snd the interconnection of the threc phase term-
inals of the motor. This Impedance is very small as com-
pared to the direct phase impedance. It decreases a little
a8 the value of the voltage lmpressed increases. The var-
latlon of this impedance 1s small; the greatest deviation
from the average value being about 67%.

The unliphase impedance was measured with the
rotor of the motor stationary, and with it revolving at
synchronous speed. In the latter case the average value
of the impedance waé found to be 3.7% less than in the
' former. This differsnce was due to the fact that when the
rotor of the motor 135 at stand still i1t is 1ot exactly
symmetrical with respect to the armature winding. This
conclusion was arrived at by taking readings of -the"Voltage
and current for different positions of the rotor with res-
pect to éhe armature, and getting the average value of the
impedance. The average in this case was the same as that
obtalned by driving the rotor at syachronous speed. Tﬁore-
fore the net effect of having the rotor of the motor rotate

at synchronous speed while taking measurements for the zero



0 )

sequence impedance, is to average up the sffects of the
disymmetry of the rotor Wwith respect'to the stationary
winding, and thus get a more accurate value of the im-

pedance.
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Reverse Phase Impedance.

The impedance to

ponent of the unbalanced impres

the reverse seguence coni-

sed current, is less than

the direct phase synchronous impedance as measured by the

zero power factor method at the same degree of sdabtuation.

From acbual measurements with

the field circult open the

value of Zr is greater than Zd. Bubt Zr in this case nust

be measured at a very much lower satuation than Zd. Con-

seguently a direct comparison

cannot be made unless Ry 1i8

corrected for satuation. A correctiom was made based on

the assumption that the ratilo

short-circuit method, to Zd as

factor method, 1s the same as

of 24 as measured by the
measured by the zero power

the rabtico of Zr at the low

satuation at which it was measured, to Zr if it could be

measured at normal satuation.

This assumption is justifi-

able because a point on the no lood satuation curve highe

('_)'*

than one for short-circuilt conditions, with the same value

of current cannot be reached,
me thod used. Therefore, it is
corrected value of Zr for more
Values of current
segveral conditions 1In order tb

would be as nearly as possible

when Zr is determined by the

probably better to use this

accurate calculations,

and voltage were talken under
try to get a values Zr which

the same as the actudl value

of Zr under normal conditions of operation. Tt was found
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fhat when the field was short-circuilted throush an emmeter
he voltage required to cause the same value of current

to flow was very much less than in the case when the f£ileld
was open. This should be expacted hOjevep, because the
field winding is equlvalent to the secondsry winding of a

1,

transformer, with respect to the armabture wind:

[=te

ng. The
fleld winding is a single phase winding, and can therefore
have only a single phase current flowing in it when 1t is
short-circuited.

Before analyzing the significance of the read-
ings of V and I with the field short circuited it will be
necessary to mention how the data was obtained for the values
of Zr. A low voltage was impressed on the armature of such
phase order that the machline would run in the correct direc-
tion if allowed to run as a motor. Then with the lmpressed
voltage remaining the same as to phase order, the motor was
driven 1ln the reverse direction, by a shunt motor, at syn=-
chronous speed. Under this condition a current will be in=-
duced in the field which is not of fundamental freguency.
The current induced in the fisld is a second harmonic as
shown by the oscillographpicture on page 1l8a. This getohd
harmonic currsnt causes a voltage to be induced in the arm-
ature of tripple'frequency.

Since there are tripple frequency components
of voltage present; the ratio of the voltmeter readings to
the ammeter readings cannot give a correct value of impedance.

This 13 true because the values of peozctgnee are not the



game for tripple frequency as for fundamental frequency.

(=)
L

The value of a reactangefor the third harmonic ia thres

C

times that for fundamental frequency. Consegquently if
elther V or I 1s made up of 1lst, third, ete. harmonie
components, the ratio of V to I is meaningless.

If a direct current voltage be 1lmpressed on

) 3 = ~ G A . B L . s
he field the value of the reverse phase impedance is again

not equal to the ratio of the voltage impressed on the arm
ature to the current flowing., In this case there is also

a second harmonic current induced in the fileld winding.
The direet current induced a voltage in the armature which
ig of opposite phase sequenee to the lmpressed voltage.
Therefore the voltages as measured by a voltmeter across the

terminals of the three phases are unbalanced, This way Le

1llustrated by the vector diagram shown be

Qu

the impressed voltages, anc

by the direct current in the field.
Then the vector sum of the
will be the live voltage as read by

the voltmebter. From the dlagram it can

5 a:\,f! =l oy krial Vid . "{ﬁ 5 0 ﬁ;"-' VO --_ A00S

Lt o SR O 1A

as measured by voltmeter bstween the three armature terminals



were not egual.

If a large value of field current is impressed
there 1s a synchronizing action between the motor voltage
and the maln lime voltage. In this case
rcadingu counld be obtalned on the meters, except that the
motor was driven abowe or below synchronous speed.

The condition which corresponded to operating
conditions was the case when a direct current was caused
to flow in the fleld. Consequently it seems that the reverse
phase 1mpedance should have been determined .under this con-
dition. As stated above, data were taken with a direct cur-
rent in the field, but no method was found by which the value
of the reverse phase lmpedance could be obtained from these
data. It 1s évident however, that a direc, ratio of ¥V to I
is not a value to be used as an im pcdauco due to the presence
of the harmonics as pointed out above. Therefore the value
of the réverse phase impedance used was determined from values
of V end I with the field open, and then corrected as stated
above,

The curve I on page oba shows the variation of
the reverse phase impedance with the armature current. ' For
low values of current the impedance seems to be a little low,
but it is increasing and reaches a clearly defined maximum
and then decreases for further increases in current. No ex-
planatlion is offered for the low value of the impedance for

small values of current. The decrease after the maximum can
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ﬁe explained from the standpoint of satufation. That 1s,
one wpuld expect for the impedence to be less the higher
the saturation Jjust as the diresct phase impedance decreases
with inereasing saturation. 0f the many runs made for the
ieterminétion of the reverse phase Impedance, all observed
data indicate that the value of thils impedance starts at’

a lower value risss to a meximum and then decrecases again.
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Final Discussion

The following effects may be said to be due
to the unbalanceing of the line volbtages of a synchronous
motor. With the neutral connected to the line (1) A large
component of the funddmental 1ine current flows through the
neutral. (2) ZEven harmonic currents are introduced in the
field winding. (3) The armature currsnt of the motor

b

contalins three components of currents; uniphase, reverse
phase, and direct phase currsnts.

The effect of the neutral current is to increass
the copper loss in the motor and therefore lower its effic-
fency. The neutral current is composed of the uniphase com-
ponents of the armature current, and is equal to three times
the value of any one.

The oven harmonics in the fisld increase the
core loss, and cause a third harmonic voltage to be induced

. in ﬁhe armature winding, which increases the copper loss

The direct phase component of the armature
current produces a torque which 1s avallable at the pulley
of the motor. The reverse phase component of the armature
current produces a torgue which is opposite to the direct
phase torgue. Consequently there is a decreased torque’
winen the voltages are unbalanced.

If the neutral is not connected, there can be
no uniphasc components of current. Taere wilill however,

be reverse, and direct components of the armature curreant



Therefors the same diminution of torque will be present

whether the neutral 1s connected or nob.
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The foregoing effects are more o
dent, end are always present when the voltages aeross the
terminals of a synchronous mobor are unbalanced. The main
purpese-of thig thesis was to determine whether or not the
components of the current caused by the unbalancing could
be determined, when the constants of the machine, including
the uniphase and reverse lmpedances, were lmown.

The calculatlions are carrisd out on page 34

he values of the components of the armature current dild

not checlt even approximately with the experimental values.

'L“

The solution of the equatbtions 1s very difficult, and involve
nany transformations from polar to ractﬁngular coordinates

and vice versa, Since the time was very limitted the molu-
tion was only worked ®hrough once and checked once. Theres

fore there may be unseen srrors in the solution.

Conclusions.

-~

The final results lndicate that the components
of the armature current cah_ﬁot be calaulated from the con-
stants of the machine. These results are not conclusive,
because time dld not permit enougn calculations to be made,
and enouzh data to be observed. The method is & theoretical
oneg, and has not been verifisd by experiment so far as the

]

writer was able to asecertain. It seems probable, however,
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that the caleulabed results and the experdmental values
| would come out closew, 1T the sffect of the hammonics
could be lessened, and the calculations mads very slowly
i and checlked, sé that all the éomplex quentities would be

represented exactly by the equations given them.
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Fseher—Hinner Method ofAnor/ys/ﬂg o \Wave
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Y=0 LetAirB=
Y, = .39 Coer# ot sine and
Ny =25 Cos terms Resppcz’:i

Ve T /43:_—- [.'3 § +76 ,«-,ccg/éf —=oSc6

Yo =25
V¢ =76 By= %[ﬂ"‘.iﬁ'-&f.ﬁj: 2333
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AAA A

AC A The vortages are balaopces,
Lez, Y=direct phase Component, V= reverse phase Component,

anad Vo= Uniphase Comphent, ard, I, L, L, = the respective
Componern s oF cyrrepe.
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Solution of the unbalanced circuit:

On pvage %4 is shown the equivalent circuit of the
unbalanced system. Let A be a large generator, (large as
compared to the motor so that the unbalanced current taken
by the motor will not have any effect on the voltages of
the gzenerator) generating balanced voltages. The line im-
vedances are as shown. A load R is connected across lines
1 and 3. The load R pauses the voltages to be-come un-
balanced across the terminals of the motor.

In order to solve this circuit the motor must be re-
rlaced by an impedance which is ecquivalent, so far as vol-
tagee and currents are concerned, to the motor. This im-
nedance can not be found exactly, but it can be found very

closely
by making an approximation as shown below.

> vV
Tl £
7] =2 Jz R
X.=.706 hasf-I Lrlz 1"[(;)(5.;_2;_*!
Pt < R L
Iﬁ E; LIA Fa
= po Wt‘/’ﬁt’r/?/rﬂsp:_/ola aeres L — ——%%.f’[i = 775"

£p=227 taken 170 rm +7789.CUrve to, keown valae d e
A value 07 V wiust é? ASSEPrred : Fromr the b Whivaly e

o7 Vit AF(}Q?@ 4. Y Carbe luker k¢ ab@urt S T
THCI! FZrops the vector AraGratrr ror G Sgsz frioto r

. Z 2 — ~ %
[%[Casd- %meo_*/:[_Z.V%:Z’ 74/.;20 YIJ ié?a 41:[7757,7057;.10”7:}37

-Z;- = 2,8 Qe L i i KR OE o
/05 75/7°L 2o x23 /477 X 706 423/ %706

Z =f750%C et = 23/ e s

L= 2374745 ° o b 2L
= ZAZAms S L e 2
e al 2 3./ 7750 S5 L2

This Nalue Z /5 Very close horats/se +he Vasge o7°V pas
beesrr Gpprox/rrated é? Severa/ “rrals,




In gaation Iy Let the Coersironts 0 thecorrents be as
72//s YV,

o]
Then| e g
@Y=[aR.+ 2% dz]L +[bRo+cB[L+ Lo B

Y =0=[dR+aR]I+[c R+bB+2"JL+EI,
wV=o=[aR +dR][ +[bAR+CR]T + [R+Z"]L

Lntroduce the ﬁ//aw/ﬂq Coolfr
Zr ) GF?‘G]‘I H, Th3) Coetiel = Ky

R e __I_: — iy OO Y
T e
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e e i e
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TZer V= //I+ Ml +n:I, (5
0 = Moy M + KL (&)

0= W T+ M L 4 M52, (7)
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Va/ues oFf +Ae Corsrarzs.
& = lBLUL2ATIZ §=— /.§5/%3.6° C = Lo49+J085= [056/%7°

K= £ 9P5%T640 = 673(227° K, = 25%+T/6h =.227/%6+°

Ks =./#é—Js35= 202 [+5ie° oo = Zte - rpof = raifezx’
K.’)": ,j“0:7+I402:,64465£ o Ké:—_—-_’/4é+‘]:/j__:.zay !4‘.5,‘?0
K, =.23% + J246 = 3421%58° o=/ 46— Jlh=.202 liz®

K?’ = P F—JorSi=274/s7"
Sub. the consrarzs /rn €2.28 7 page 35%

Thern: Zogp= r7e6f75°
Ir- c= /ZZJFLZ_/_O—U
Ly = /57372



i i A

Comparison of calculated and measured values of currents.

B

Measured;......... 11.2/222°
Calculated;....... 15.3]8°
iy .
Measured;..... ‘e BOeRiES
Calculated;....... 17.8/73°
3 i

fleasueed;........ 19.7 .9
Caloulated:....... 17. 3[?10
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Nhmic Reslstance.

The ohmic resistance was measured by the drop

of potentlial method. The diagram of connections is shown

in the aeccompaning flgure. A reslistance was plased in serles
with the armature in order to

reduce the impressed voltage.

Seversel values of V and I were

measured between each pair of

positions of the rotor with respeet to the grmature, The
value of the ohmie resistance is then glven by: V = ¥

ST
ohms per phase.

Lffective Resistaniée.

The effective resistance was measured by the
short-circuit method. As follows: Iet Py equal the power
he shunt moﬁor when it is driving the synchronous
motor with its armature circuit, and fisld circult open.
Let Py 8¢ mal the power input to the shunt motor when the

S P

synchronous motor is short-clrcuited, and Pnp = the stray

power of the shunt motor. Then synchronous motor friction
A . D (T ) 2
and windage = P1=\ige’/ "V, = Pep. = P ,, where I, and

V. = the shunt motor armature current and armature resistance

respectively. Let P a Care logs of the sgnchronous motor

corresponding to short cirecuit fisld current., Then the ef-



U
J il

resistance per phase is gilven by:

il ! i ! . ) ‘ .. ‘ ¢ : l 2 d ‘
TR gl Tacl iy ap

5 I . E "‘I:-.'

‘whers iz is the short-gcirenit phase current of the

synechronous motor.,
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'Zero Power Hactor Curve.

A zZero power factor curv3 is a load satura-
tion curve taken when an alterator is supplying a reactive
load at a very low power factor. The curve has the same

form as the no load saturation curve.,

Q

It 1s impossible to get absolutely zero, power
factor experimentally, but it can be approximeted by using
a synchronous motor as a load, puning at no load with its

T

4]

14 over execited.
The eonncscticns for this run are shown on the
following page. The synchronous motor was driven by a

shunt motor. Another synchronous motor was used as a load,

and was over excited as stated sbove. The armmature current
was hield constant and the [ield current of the motor acting

as & synchronousz generator was varied. Values of field cur-
rent and termlinal voltage‘were observed. The frequency was

held constant at 60 cycles. The power oub~put was also ob=

served.

"

he zero power factor curves

5

From this dats
coulc be plotted. Two curves were plotted, one for 32.11
amperes and one for 39.67 amperes armature current. The

power factors were .0746 and $0605 respectively.
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Short Cireuit Curve.

A short circult curve is a durve showing
the relatlon between the field current of a syhchronous
machine and the armature current when the armeature is
gshort circuited.

The diagram of connectioné is shown on the
followlng page. |

The synechironous mocor was driven as a geners
ator by a shunt wotor. The armature was éhort girauited
through three ammeters, and the [ield current was varied
in steps until about 1.20° full rated currént was reached.

The values of fileld current and armature current were ob=-

otted from this dg

=

served. The short eirecuilt ecurve was p

Tne short cireuit curve is a straight line over the range

¥

of saturation through which it 1is posgible to carry it.

The speed was held constant at 1800 R.P.M. .(Synchronous ZSpeed).
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Care 1Loss, and T+W Run.

The care loss and frictior and windage of the

()}

synchronous motor was found by driving it as a generator
by the shunt motor. The dlsgram of connections is shown
below,

s drive the motor with its field and

1 Y

armature circuits open. The power input to the shunt

motor minus the shunt motor straoy power and armature copper

logs give the frictilon and windage loss of the synchronous

Secondly, drive the synchronous motor with the
shunt motor at synchronous speed, and vary the field current
of the synchronous mach wine, taking readings of shunt motor
current and voltage, aﬂd synchronous mobtor field current.
Then for sny particular value of sgnchronous mobor field
current the care loss is egual to the input to the shunt
motor minus the stray power of the shunt motor, the armature
loss of the shunt motor, and the friction and windage of the

synchronous motor,



Method of Determining the Zero Sequence Impedance.

The zero sequence impedance was measured
with the field of the motor rotating, and with it sta~
tionary. Average values were taken in each came from
a' number .of observed readings.

The diagrem of connections is shown on
page 29a. The three armeture terminals were connected
together. A low single phase voltage was impressed across
the neutral and the inter connection of the three phases.
An sammeter was put in the line as shown and a voltmeter
comnected betweén the meutral and one line. The value of
the current and voltage was varied in steps until the cur-
rent reached about 56 amperes. From the readinzs of the
voltmeter and ammeter ﬁhe Zero seguence impedanée was obtain
2o 2 ¥ where

5T
and V and I, the magnitude of the alternating current volt-

3

o is the zero sequence impedance per phase

age and current respectively.
The voltmeter was connected alternately between
first one line and the other and the neutral, in order to

f the zero sequence impedance was the same for all the

e

see
phases. The rotor of the machine was also rotated by hand
to see 1f there was any effect due to the position of the

field. The values of #o obtained in this way were averaged,
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Heverse Phase Impedance Run.

The connections for the reverse phase impedance
run are shown on the following page. Three equal resistances

'

were placed in each line in order to reduce the lmpressed
voltage. The connectiong to the motor are such that it would
run in its correct direection of rotation if allowed to oper-
ate as a motor. The shunt motor, which was directly connected
to the synchronous motor, was connected so as to drive the
synchronous motor backwards with respect to the impressed

[}

voltage across the three terminals. The speed was adjusted

A

so that the freguency was at its rated value. A series of
readings were taken for three separﬁt@ cases. First; with
the field circuit of the synchronous motor open, second, with
the field cilreuilt shorﬁ circuited, and third, with a direct
current in the field. An alternating current and a direct
current aumeter was placed 1In the field circuit during the
last run. It was found that the alternative current meter
read & little more than the direct currvent meter, dus to the
presence of asecbnﬁ“érmonic current induced in the flsld.
AS gtated in the main part of this thesis no values of the
phase Impedance were obtained except in the first
gase, that is with the field cireult open. The reverse

phase impedance in this case 1s given by; 84 = gi whare

the live voltage impressed, and I dis the current flowling

<i
e
/0]

&

as measured by the three ammebers.
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‘ﬁnbalanced Run.

A carbon rheostat was placed in each of ths
three lines leading from the main panel to the aguxlilliary

switechboard and a single phase load was put across one

line. The complete diagram of connections for this run

is shown on page . The voltage was rcduced to aboutb
200 volts between the lines 1 and 2. . The direct current
generator was us bd as a load. .The genarator was loaded
by a reslistance which could be varied. The load "L" across

the two lines of the synchronous motor was a resistance

59|

kknovm constants; R = Jo. The shunt generator was loaded

in steps until one of the ammeters in the lines leading

to the synchronous motor read full rated current. Read-

¥ 7

ings of all the Instruments were talken as near as possible
at the same Time. Also the angular displacement between
the curreants was found for each value of armature current

as statsed slsewhere in this Lne sis The value of the

three: line pesistances Ry, Rp, and Rzwere also measured.
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DIAGRAM e CONNECTIONS

fOr

UNBALANCED RUN ON MOTOR.

ARANAANA,

R

B

¥

C

.S' A{ MoOTOR. Az

ARA,

AAAAANVAR

J Rz
P APAAAARAAAAAL

R3

O~a-c
mains.

An arrarigement ror measuring

Six  Voltages With I Voltrneter,
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4.36
4,40
4.40
Avezvlg
4,38
’|’= ol

a5ds

Ohmic Resistance Data

o] Voz Iy Vzq iz
18.25 &4 e onkin e, Be 8,85

16.25 4-4 18a22 4-56 13025

18,25 4.4 18.30 4,56 1842

IG.Il Ave.V23 Ave.Ié Ave.VSl Ave.T5
18.24 4.4 iy el 4,36 18.23
o »1204 73 L 1E5

Avepage value of voh per phase = .120 ohmis,



Short Circult Run:; Data for Effective Resistance.

Id-e Vd-g I Gy I, T4
Gada 225 35 0.2 9,2 0.3
6.80 225 47 121 310 0 (N - 90 |
720 226 .78 19.2 19,2 19.2
3.00 226 182 29.3 268 | 29.7
9.20 226 1.49 35.8 1 AR O
10,40 226 1.78 42.8 43,0 45.0

Speed; congtant at 1800 V.P.M,

Values of Effective Resistance. Per Phase
+285
«276
« 266
.142
o142 J

. 139

Average value of LEffective Reslstance per phase.
Ve = .208 ohms per phase. -
Ratio of Vg
Von

= 10816
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Data for lMag. Curve.

Tine Volt; ;-2 ILine volts 2-3 Line volts 3=1 F
67.5 67.5 6745 60
89.8 89.8 89.8 60

100.0 100.0 100.0 680
120,0 120.,0 120.0 60
130.5 130,85 130,85 680
140.0 140.0 140.0 60
150,0 150,0 150.0 60
160,00 160.0 160.0 60
170.0 170.0 : 170.0 60
180.0 180.,0 180,0 60
190,0 1€0.0 190.C 60
201.0 201.0 20140 680
219.0 219.0 | 219,0 6o
231.0 231.0 £51.0 60
240.0 240.0 240,0 60
2563.0 2535.0 253,0 80
2600 260.0 260.0 60
270.0 270.0 270.0 60
282,0 282.0 282.0 60
290.0 290.0 290.0 80
505.0 295,0 295.0 60
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Short Circuilt Curve, Data:

Line IE Line I5 Field I
18.3 .75
20,8 .85
26,6 111
30.0 ik
36,0 1,16
20.7 1,70
45,8 1,90
49.2 2.05
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Data for Zero Power Factor Curve. P.f. = .0605

Line ¥ . Field 1. I1 I2 15 Freg.
281.0 4.82 39,1 38.6 39.6 60
204.0 4.16 885  39.4 . 40.20 = 60
189.0 40,0 39,5 40.0 60
172.0 3460 39.6 39,1 40.0 60
153,0 B.34 39.8  39.4 40.0 60
144.0 3+29 40.0 39.6  40.5 60

In put to Syn. llotor = 960 watts.
Average line current = 39.67 amperes.

Average power factor 260 = .0B805

Ol 83D XIBeeT

Dats for Zero Power Factor Curve. I ave.=z 52.11 P.f.=.07486

Line V. Figld I Il Io T5 Froz.
231 4,45 31.8 30.8 S1laf 60
213 4.05 G P22 51.8 5540 60
204 3.85 32.4 32,0 33.0 60
189 ©.55 32,0 T Bl.6 3245 60
170 3 .25 3.8 3149 328 60
150 3,00 31.8 31.6 32.4 60
130 B (2 3240 D246 51.8 60
124 B.68 52.3 3242 352.6 60

Input to Syn. lMotor = 960 watis.
Average Line Current =z 32.11
Average Power Factor = 960 = "Lgwan

d x 32,11 x 230



Direct Phase Impedance

Short Circuit Method. Zero power factor Method.
2y = 2.51 For‘59.67 amperes at power
Zg = 2,81 factor of ,0605

Zgy = 2.85 Average value Zg = 736 ohms per phase.
2q 2 2474 of ZS = 2.64 For 92411 amperes at power
Z,g = 2.58 chims per phase. factor of .0746

Zg = 2454 _ Zg = .793 ohms per phase.

Ratio of Synchronous Impedance from Short
Circult Method to Sunchronous impedance from

Zero power factor Method = 2.64 5 B.B8
736



~E0%

Data for Zero Sequence Impedance.

Ee A 1o 2 I S
33.8 1.86 24.3 1.26
2%.6 2.22 29.0 1.55
43.2 2,40 55,4 1.85
48.0 2.66 38.2 2.10
52.4 2.90 42.6 2,33
56.8 5.15 47.2 2.55

52.0 2.80
56.2 3.05

(1) Thils data was taken with the srmature of the syn-
chronous motor at standstill:

(2) This data was baken with the armature of
the synchronous motor rostating at synchronous

s8peed.,

Calculated Values of Zero Seguence Impedance.

£ 2 Average values of Zo
«0183 <0ANS (1) Zo. = +0186 ohms per phase
0193  .,0172 (2) B D " 0 b
.0185 .018
.01885 .0183
.0185 .0182
.0185 .0180
«0179

0181
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Reverse Phase Run: Fleld Circult Open:

I, T e Ve Freg.
8.2 B.3 L SHLREMEEIR oy ey
12,0 ' ig.8  SEat. BEi5 B8O 59
20.9  20.6 58.0 57.5  55.5 59
25.9  25.7  66.5 67.5 66,0 59
28,1 S9.4 temglo | W80 uBLo | 59
35.8  BBONEL.00 82,8 - 82.8 59
39.9 38.7 68.0 89,4  B89.5 = 59
42,4 a3 91.5 'ss.a o gE.0 8y
§7.9 4842 98.2  ©9.0 99,5 B9

Reverse Phase Run, with Voltmeter Across Fleld

Iy 1o Iz v ~ Freg.
9.0 5.0 5 13.5 58,9
10.1 - 10,1 10.0 57.5 58.6
14,0 14.1 14.2 123.0 58.7
18.9 19.0 18.2 300.0 58,9
23.2 23.6 23.5 44&.0‘ 58.°0
26.6 27.0 27.0 495.0 58,9
30.4  30.8 30.6 580.0 58,9
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For Reverse Phase Impedance: Field Short Circuited.

0% V=q Il IS 13 IL TFregs
o8 8.4 Se2 8.2 8.1 4195 59
T 18,75 1l.5 l@simElE.8. - 290 59
218 '20.3 19.8 8038 28,7 470 59
26,0 £25.0 24.8 28.8 £5.7 4590 %
8 29.5. 29.6 30.3 £9.0 .694 59
JO 34.0 343 SB.2 56.9 L4818 59
0 38,3 39.6 39.9 3B.7 .9%4 59
«1 40.6 42.2 2.4 41,0 .995 5¢
0 45.2 47,9 47.9 40.2 1.140 59

For Reverse Phase Impedance: Tield Current On.

b Vv
=z

o3 71 I I, '15 I Tiiasa o,
S.2 25asb 58 5.6 5:5 2B «286 59.5
45 BEH 9.2 10.4. 10.6 425 44 59.5
1.5 30:8 19,8 Bl.,0 RB1.,0 25 « 500 005
5.0 33.0 25,0 26,8 2646 425 o G642 59.5
B.5 36.0 =29.2 29.8 29.4 ..20 + 780 505
5.0 43,0 36,8 37.8 37.8 .25 » 850 59+
49.0 48,0 48.0 4b5.4 45.0 .25 1.0580 5245

Data For Reverse Phase Tmpedance With A Larger Fileld Current.

Fa 800, iR I, I, T Speed.
219 220 18,0 M7 T8 2,96 1620
206 ARSI PO Qs W i # AR 4 o | 1620
202 204 1 22,0 21,9 £2.0 . 2.9 1620
195 196 20.2 28.6 28.6 2.28 1620

4 36.0 T5.6 290 1880
A02 L1001 14040 | 0.0 39
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Care loss curve
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Data for unbalanced Run.
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Galeculated data for unbalanced Run.

Y

Angle between currents and components of currents

Date, No. 1.
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mn o i ey A T = Ars e N yar o ' 3 9 i
The armature registance was measured by the
- A " k| Ml & = B o e ~ 2
drop of p¢ « The diagram of connections is
5"(\(‘\117 \ i +he aecon (=] il e 23 o (=] A noat atann nr ¥ +
Ll n 1n tne ace 41.1__ ani l’l, 5 - .,,,__,111.'\_-- A Peailgstance was _LJLT. v

4 T2 oy e o =il P L e —_ R e e T Boa e dias
the diagram. ©Several readings were taken on each instru-
ey 1 T4 o . = L AT 11 . Tha e
ment, for different positions of the armature. The resis-

« The stray power of 'a direct current dynamo de=-

T s P o + 1

he for determining the

Pl R ) o a

shown 1n the gcecompaning figure.
5 used to vary d)
11 A Fasa g=yesall u
Le armature, there-~

stray power ls P =
. Y OWeE 8 P =
l-—rdt:l
-y r L] 1.1
erryrent, V 18 the
AR e v > K]
showvn, and va 1is

the reslistance of the armature

*

The care loss was obtained by driving the sh

motor by the synchronous motor, and measuring the input to

' n ) L) K P o B 10 o 3=
speed and flux at which the dynamo operases.



ihe synchronous motor for different values Qf d=-¢ motor
voltage. With the direct current motor field open, the
-power Input to the synchronous motor is equal to the
friction and windage losses of the two machines, and ISVa
loss and c@re loss of the synchronous motqr. Then for any
particular value of d-c¢ voltage, the care losg of the d-c
machine 1s equal to the input to the synchronous motor minus
Bhe sum of the power Input to the synchronous moitor and its
armature copper loss.

The stray power curve and care loss curve for

the d-c machine are plotted on page 49a.
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Datd for Shunt lMotor

Armature Resistance Stray Power Data
Current Voltage Current Voltage Speed
35.8 11.6 4410 28 - 1900
Sde 116 4.10 220 1850
-35.” 1Le% 4,10 214 1800
6548 i 4,10 2086 1710
4,00 195 1650
4,00 B2 1580
4,10 157 1450
2450 107 870
Caleulated leUﬁs of Resistance and Stray power

Resistanece tray power
D24 925
PR 896
s OB ' 875
2 DR 839

TS

Average 25
, 39

« 326 | 370

v 1 Wz H5 Calculated values of
core loss.
0 56 220 58 0
188 20 300 UBO 180
178 8860 300 600 260
215 700 - 58 B EEE L 320
228 760 400 620 420

244 800 400 620 580
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ineciples of A. €. Machinery
Ghaptars 23 - 29

Alteranating Gurrents
Chapter 12

Cs ... Fortescue
Symmetrical Goordinates
Applled to unbalanced eircults

Tr. A.T.E.E. 1918, Page 1015

s

W. V. Lyon
g ‘Unbalanced three phdase circuits
Flect. World June By 1920.




