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Introduction.

Synchronous llotors 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 compensating windings. Consequently they are
used ln cases where it is not necessary to start any appre~

clable load. Their use may therefore be applied in substa-

tions, where motor generator sets are required. Also in con-

nection with frequency changers, and as synchronous condensers.

The operation of synchronous motors under bal-

anced conditlons 1s well understood, and more or less thop-

oughly worked out. Since it is usually assumed in practice

that the voltages are balanced, or are very nearly balanced,

little attention has besn pald to the operation of (these types

of motors under unbalanced conditions,

However, ln practice the voltages of three phase

systems are almost always unbalanced to a greater or lesz

degree. Since this 1a trus, the author of this paper has made

a study of a three phase synchronous motor in order to deter-

mine whether or not 1t is possible to predict with some pre-

cission, the charactéristics of such a motor when the voltages

arg vadly unbalanced.

The greater part of the problem of trylng to

prediet the operation of synchronous mosors under unbalanced

conditions consists in determining the values of the impedances



to the unlphase 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 lmpedances, 1t is then only necessary to consider the

effect of cach component of the Impressed voltage separately,

and finally to combine these effects to obtain the operating

characteristics of the machine.

Since the reverse phase lmpedancs 12 a very

Important lactor in the prediction of the operating character-

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

ing to arrive at some logically correct value to assign to

this impedance, which will fakecuatcount, as nearly as pos-

gible, of all the variations due to the unbalancing of the

line voltages.

Due to the lack of time all corrections of ine

strument readings have been neglected. Bub care has been

teken to see that in every casc the instrument needles were

set at the exact zero point of the scale. Also all decimal

readings have been estimated as accurately as the eye would

permit, and as small a scale. instrument as practicable was

used 1n every case in order that the readings taken might

he ag accurate as vosmsible,



Theory of the Operation of a Synchronous liotor.

In order to explaln the theory of operatlon

of a synchronous motor, a single phacc motor having a

soncentrated winding will be assume. The explanation

given . it SEIT NES3or Lawrence

rear or
rotatyori.

7s

n v
7

in his text-book, "Principles of Alternating Current

jachinery.”

The rectangles marked N, V, and 8, are the

ends of the pole faces, and the rectangle "4" represents

the single phase armature winding. The electromotive force

induced in the armature winding will be zero for the posi-

tion shown. The direction of rotation is such that the

armature moves from left to right relative to the poles.

The elsctromotive force will be called positive when it

acts in a clockwise direction.

Let the armature be driven at a unlform speed.

The electromotive force generated in the coll while it

moves from left to right is plotted on the reference line

A.B. In Fig. 1l. Let the armature circuit be closed through

2 load of such constants that the current is in phase with

thie generated voltage. This current is shown by curve I.



While the coll moves from a4 to Bb, the face of the coil to~-

wards the poles will be south. There ls, therefore, a

force of ‘attraction betwedn it and the pole "a", and a

force of repulsion between it and the pole "b'. That is,

during the movement from &amp; to b there is a torque which

opposes the motion of the toil. The product of the in-

stantaneous values of the current and voltage at any in-

stance gives the power developed. The torque 1s propor=-

tional to this product also, since the speed 1s constant.

While the coil travels from » to ¢ the current and voltage

both reverse, but since their product is still positive the

Sign of the torque does not change. The torque 1s inter-

mittant but it is always positive and since it opposes the

motion of the coll, it corresponds to generator action.

If the load on ths generator 1s such that the

current 1s not in phase with the voltage, the torque curve

will have both positive and negative loops, and the averace

tongue will be proportional to the Aifference between the

areas inclosed by these loops. It will be positive Tor any

angle of lag or lead less than 9,0 degrees. A study of

fiz. 1 will show this,

Tf in some way, while The generator is prumiing

with the current 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 voltarce



areiexactly 180idegrees out of phasc, and their product,

which isistill pre wiions - fue, 1s negative,

EL
ir | 4

and corresponds to motor achblon.

The current in the coil while it passes from

&amp; to b is in a clockwise direction, and causes the face of

the coll towards the poles to be a north pols. There is,

therefore, a force of repulsion between the coil and the

pole "a" and a force of attraction between the coil and the

pole "bp". The resultant of these two forces assist the

motions of the coll and produces motor action. If the cur-

rent leads or lags the voltage, the tongue curve will have

both positive and negative loops as in the case for gener-

ator action, and the average tongue will be the resultant

of the areas of the loops. It will always be negative for

values of phase angle less than 30 degrses. A leading cur-

rent demagnetizes and a lagging current magnetiges the field

in a motor, and produces just the opposite effect in a cen-



2ator,.

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 1s constant if the currents and voltages are

sing. © waves and the impressed voltages and currents are

balanced.



Name Plate Data

4 ~ C Machine

Alternating Current Generator.

Xo. 1778422: Type A. N. 1

15. %.P. 1800 R.P.M, 12 X.,W. 35.5 Ampy.

60 éyeles; 220 volts. 3 § ¥ con.

ZG. E. Schenectady, New York, U. 8. A.

D - C Machine

Direct Current Motor,

No. 955771. Shunte: Type R.F.

Form A. 1. 7» HoePW 15

Volts 230 Amps 59.

Temperature Rise 50° 2 hours.

580 / 1850. R,P.H.

&amp;. EE. Schenectady, Yew York, U.S.A.
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Method of Solving Unbalanced Circuits.

The method used in handling a three phase

unbalanced system of voltages or currents depends upon

the facet that any unbalanced 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 three vec

tors is zero. They are called by several names, zero se-

quence, 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 direet phase, or dir-

ect sequence system. They are displaced in phase by 120

degrees just the same as any balanced three phase system

of voltages or currents. The third set of components com~

prise what is called the reverse phase or reverse sequence

system, This system consists of Llhree vectors equal in mag-

nitude and displaced in phase by 120 degrees, but their

phase order is exactly opposite to that of the original

vectors. . They, therefore, form 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: unbalance system of voltages or currents

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

sider the threc line voltages of a three vhase system. The
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vector sum of these 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. Since the

vector sum of these voltages 1s zero (they can be represented

by a triangle. In the [igure on page Ba let 2.0 and

es represent the voltages. Construct an equilateral triangle

2-4-3 on 2, a9 a base. The side 2-4 of this triangle 1s 72

rotated through 80 degrees In a positive direction. The

diagonal 1-4 = hn divided by the square root of three is

equal to the migintude of the direct phase component of phase

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

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

1-52 Fy’ = 20° = 1. Lg Wd Ts
¥ v3 fh Ae 25 eo 200

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

The reverse phase component of the impressed

voltages can be determined by a similar construction as shown

by the red line in the figure. Using %,% as a base con-

struct the equilateral wriangle 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 a

the reverse phase component of phass 1-4, v7

Tf, however, uniphase components are present

the vectors do not form a closed triangle, consequently the

uniphase components must be determined by a mathematical sol-

tien. In this case the anrles between the vectors must be
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2) 38) Yi! [5°= Vy

b:

Ys

Vie. [30°7 22s Mon

Diagram for graphical Solution ofunbalanced
Threephase line Vo/tages.



Known.

Let us consider the three line currents in the

following circuit, If it la desired to Tind the ancle be.

tween the current vectors 1. To prey) per!
and Ba proceed as follows: With

v)
I, Io I. at some known values;
read the wattmeter with its cur- ti

rent coil in line 1 as shown; then — a

change it to line 2 and line 3 respectively, leaving the

potential coll in its same position, and take the readings

of the wattmeter. Call these readings Wa, Wa, and. Wey and
call the voltage between the lines 1 and 3 V+J C, Take this

a8 the axis of reference. Then cos 97 = TF  ; cos Os =

Ve
i » 8nd cos 0 z= 2 | Then since the angular dis-
nV Tm

placement: of the three currents a

iz known with respect to a single 73 —— Vis

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, reverse,

and uniphase components 1s as follows: Tet Tz the uniphase

component, i z= the direct phase component, and T_ = the re-

verse phase components, all currents expressed as vectors.
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Resistance of the Armature.

The ohmic resistance of (he armature is small

and is easily found Ly the drop of potential method as will

be exXplained later. It is of little practical value because

1t cannot be used in alternating current work, if accurate

results are to be obbained, It 1s the resistance offered by

&amp; conductor to the passage of a direct current through the

conductor. The potential drop from one end of the conductor

to the other ls then given by the product of this resistance

and the current flowing.

The effective resistance is the resistance which

is always used in connection with alternating current work.

It is the resistance offered by a conductor to the passage

of an alternative current through the conductor, and is

almost always greater than the ohmic resistance. In either

the f-g or the d-2 case the power absorbed by a circuit in

which there is no rofating machinery is clvenps 1 or R=

= , However in the a-c case the power is greater, and

consequently the value ofR mast Incrsase, assuming the cur-

rent to remain constant. The increase in power in the a-c

case 1s due to two reasons; first, local losses are pro-

duced in the conductdr 1tself and in the surrounding mator-

ial, due Lo a changing flux caused by the alternating cur-

rent. Secondly, the current in the conductor is not uni-

formly distributed over 1ts cross assction. The now uniform

ot
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distribution of the current being due Lo the difference

in the reactance of clements of the conductor taken pare

allel $0 ibs axis,

Direct Phase Impedance {Synchronous Impedance).

The synchronous Ilmpedsnce was measured in

two ways; the short clreuit method, and the zero power

factor method. From the curve sheet on page 13a the value

of Zz may be obtained by cither the zero power factor method

Or the short circuit method, To obtain Zs by the short oin-

cult method proceed as follows. Take any value of Pileld curs

rent, and from the short circult curva obtain the value of

the armature current corresponding. Call this value of cur-

rent I. For Lhe same value of Fisld current obtain from the

magnetization curve the corresponding value of voltage V,

Then Zg = V' . This value of Zs ls greater than the normal

valu: Ld Fade operative conditions. To obtain the value

of Zs by the zero powsr factor method proceed as follows:

Take any value of ficld current and obtain the corresponding

value of Voltage vq from the zero power [actor curve. With

the same value cf field current obtaln the corresponding val-

ue of voltage 2 from the magnetization curve. Then the val-

Ug of Zs; is given by Z! o ia where 1 is She values of
armature current at which Ho aars ponen factor curve was

taken. These iwo values of synchronous impedance will be dif

ferent. The value of 7s obtained by the short circuit method

ig greater on account of low saturation. The value of 7! 1s
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not exactly correct due fo low power factor, but it does

not contaln the greater error due to low saturation. Call

the ratio of these Lwo impedances, that is 7! )
Clana A _

factor will be used later in connection with  y~i~~yarass

nhage Impedance.



Inlphase Impedance.

The uniphase Impedance ls the impedance to

the zero sequence component of the current. Tt was meose

ured by lmpressing a low single phase voltage across the

neutral and the Interconnection of the three phase tern

inals of the motor. This impedance is very small as com=

pared to the direct phase impedance. It decreases a little

83 the value of the voltage lmpressed increases. The var-

lation of this impedance 1s small; the greatest deviation

from the average value being about 87.

The uniphase impedance was measured with the

rotor of the motor stationary, and with it revolving at

synchronous speed. In the latter cass the average value

of the impedance was Found £0 be 3«7% less than in the

former. This difference was due Lo the fact that when the

rotor of the motor is at stand s5ill it is not exactly

symmetrical with respect to the armature winding. This

conclusion was arrived at by taking readings olf. the voltage

and current for different positions of the rotor with reg-

pect to the armature, and getting the averages value of the

lmpedance. The average in this case was the same as that

cbtalned by driving the rotor at synchronous speed. Therec-

fore the net effect of having the rotor of the motor rotate

at synchronous speed while vaklng measurements for the zero

coy BT



sequence lmpedance, 1s to average up the effects of the

disyumetry of the rotor with respect to the stationary

winding, and thus get a more accurate value of the im=-

pedance.
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Jgverse Phase impedance.

The lmpedance to the reverse sequence ¢com-

ponent of the unbalanced impressed current, 1s less than

the direct phase synchronous lmpedance as measured by the

zero power factor method at the same degree of satuation.

From actual measurements with the field circult open the

value of Zr 1s greater than Zd. Bub Zr in this case must

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

sequently a direct comparison cannot be made unless Br is

corrected flor satuation. A correctliom was made based on

the assumption that the ratio of Bd as measured by the

short-circult method, to 24 as measured by the zero power

factor method, is the same as the ratio of Zr at the low

Satuation at which 1t was measured, to Zr if it could be

measured at normal sabuation. This assumption is justifi-

able because a polnt on the no lood satuation curve higher

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

of current cannot be reached, when Zr is determined by the

method used. Therefore, it is probably better Lo use thls

corrected value of Zr for more accurate calculations,

Values of current and voltage were taken under

sgveral conditions In order to try to get a value Zr which

would be as nearly as possible {he same as the actual value

of Zr under normal conditions of operation. It was found



that when the field was short-circuited through an smmeter

the voltage required to cause the same value of current

to flow was very much less than in the case when the fisld

was open. This should be expected however, because the

field winding is equivalent to the secondary winding of a

transformer, with respect to the armature winding. The

field winding 1s 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 T 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 machine would run in the correct direc-

tion if allowed Lo run as a motor. Then with the impressed

voltage remaining the same as to phase order, the motor was

driven 1n the reverse direction, by a shunt motor, at syn-

chronous speed. Under this condition a current will be in-

duced in the field which ls not of fundamental frequency.

The current induced in the field is a second harmonic as

shown by the oscillographplicture on page 18a. This gecohd

harmonic current 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 sive a correct value of impedance.

This 13 true because the values of reznctrormee are not the



same for tripple frequency as for fundamental frequency.

The value of a reactancelfor the third harmonic is three

times that for fundamental [frequency. Consequently if

either V or 1 13 mads up of lst, third, etc, harmonic

components, the ratio of V to TI is meaningless.

If a direct current voltage Ye impressed on

the field the value of the reverses phase impedance 1s again

not equal to the ratio of the voltage impressed on the arm-

ature to the current flowing. In this case thers is also

&amp; second harmonic current induced in the field winding.

The direct current induced a voltage In the armature which

is of opposite phase sequence to the Impressed voltage,

Therefore the voltages as measured by a voltmeter across one

terminals of (he three phases are unbalanced, T

1llustrated by the vector diagram shown below.

Vaso Yor the Impressed voltages, and
Tal Vv : v : be the voltages induced

?» 0c, "05 5

by the direct current in the field.

Then the vector sum of these voltages

will be the live voltage as read by

the voltmeter, From the dlagram it ca:

be seen that the live voltages Tes Vigo"
ang y 11 will be unbalanced. Tho oo AAve

data agrecd with this fact, and theiachtual values of volbages

as measured by voltmeter between the three armature terminals

y
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were not equal,

If a large value of field current ls Impressed

there 1s a synchronizing action bebween the motor voltage

and the main lime voltage. In this case, however, no steady

readings could be obtalned on the meters, except that the

motor was driven aboue or below synchronous speed.

The condition which corresponded to operating

conditions was the ease when a direct current was caused

to flow in the fleld. Consequently 1t seems that the reverse

phase impedance should have been determined under thls con-

dition. As stated sbove, 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. Tt 1s evident however, that a divech ratio of V to T

is not a value to be used as an impedance due to the presence

of the harmonics as pointed out above. Therefore the value

of The reverse phase lmpedance used was determined from values

of V and IT with the {ield open, and then corrscted as stated

shove,

The curve I on page 28a 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 clsarly defined maximum

and then decreases for further increases in current. No ex-

planation is offered for the low value of the impedance for

small values of current. The Jdecrecase after the maximum can
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be explained from the standpoint of saturation. That is,

one would expect for the impedance to be less the higher

the saturation Just as the direct phase impedance decreases

with increasing saturation. Of the many runs meade for the

determination of the reverse phase impedance, all observed

data indicate that the value of thls lmpedance starts at

a lower value rises to a maximum and then decrcases again.



Pinal Discussion

The following effects may be sald to be due

to the unbalanceing of the line voltages of a synchronous

motor. With the neutral connscted to the line (1) A large

component of the fundamental llne current flows through the

neutral. (2) Iven harmonic currents are introduced in the

field winding. (3) The armature current of Lhe motor

contalns three components of currents; uniphass, revsrse

phase, and direct phase currents.

The effect of the neutral current 1s to increass

the copper loss in the motor and therefore lower 1ts effic-

lency. The neutral current ls composed of the uniphase come

ponents of the armature current, and is equal to three times

the value of any one.

The sven harmonies in the field increase the

core loss, and cause a third harmonic voltage to be induced

in the 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 Lo the direct

phase torque. Consequently there 1s a decreased torque

when the voltages are unbalanced.

If the neutral is not connected, there can he

no uniphase components of current. There will however,

be reverse, and direct components of the armature current.
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Therefore the same diminution of torque will Le present

whether the neutral 1s connected or not,

The [foregoing effects are more or less evi-

dent, and are always present. when the voltages across the

terminals of a synchronous motor are unbalanced. The malin

purpose: of thls thesis was [0 determine whether or nof the

components of the current caused by the unbalancing could

be determined, when the constants of the machine, including

the uniphase and reverse impedances, were known.

he calculations are carried out on page 34

The values of the components of the armature current did

not check cven approximately with ‘the experimental values.

The solution of the squationa ls very difficult, and involve

many transformations {rom polar Lo rectangular coordinates

and vice versa. Since the time was very limitted Lhe aoli-

tion was only worked ®hrough once and checked once. Thero-

fore there may be unsesn errors in the solution.

Conclusions.

The final results Indicate that The components

of ths armature current can not be caloulatsd from the con-

stants of the machine. These results are not conclusive,

because time Gid not permit enough calculations to be made,

and cnoush data to be observed. The method 1s a theoretical

one, and has not been verificd by experiment so far as the

writer was able to ascertain. It seems probable, however,



that the calculated results and ithe experimental values

would come out closer, if the effect of the harmonles

conld be lessened, and the calculations made very slowly

and checked, so that all the complex quantities would be

represented exactly by the equations given thew.



Neutral Current When Voltages are Balanced.
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Solution of the unbalanced circuit:

On vage 34 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 generator) 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-

placed by an impedance which is equivalent, so far as vol-

tages and currents are concerned, to the motor. This im-

nedance can ndét be found exactly, but it can be found very
closely

by making an approximation as shown below.
HE 2ol WVfperXo 726 0nase -Z,-15 tlaX, 42 x,

al ' 3d ee)
1. Eq LTary

P= power perphase = jos0 warts. Z,= 2222/3 =IT
£p= 227 taken 17orm $TIAG.CUrVe +or brown vale I ZL
A Value oF Vv riust be ASSLT Ed 2 Frosr the bro vals eo

OF Vat A page 34. V canbe lator at abaut 229 Vols,
Ther: Aron the vector Ara Fra rr ror A 3/7 Fr7oTo #3

J Z 2 = z 2 2

[FFE (cos rind [=[222IZ[sur]pogfJrrswros]fsouxins]
Zaz COR aBeRR’ 247 Gerps. 7nd. TLZ0% x23/4 779 X.706 £23) X06
ze =fr73Ter.4]2 = 234 Jw mar?
Loe: 23 7f7065" 7 2

z= oe bed 22/775 Trl 2:

This Value F ss Very close bocatrse the Varue oF V has
beer approximated by several “rial.

He



Irn @90atiorr I L.et the CoerSs ems OFthecorrents be as
2/ov,

L Corr = 2

L iui mhond&gt;—"
 . =o
I 1 =f

Then: . a IR
AY=[ar. + 27 da] +[oRerec BIL ° y+

” KmY=0= [dR +a ]T+[cRr,+b8 +2" [L+RL,
I+ [a+2"]%wV=o=[aR +dR][ +[bB+CR]L+ [R+Z

Lntvoduce the #o/ls wing Cool
L002) GeriT Hy, IE) Coet of = Ky
I 1! pt 70 Ze Af re &amp; — Hs-

oe py foi {r Z, = He

In tr) coer or :

1? ve ¢ £t A LY

It fl il ol L aT Hz

Herr; Ym hl p fol +151, (5)
0 = Wey WZ + HL (6)

0= T+ M41 + GL, (3
“ I |

Zs = Lei Amat=z “ror (57)
Subrin err Uz _

Le 32&gt; Mile Med| (%)4 = Adi il |LIE

sep =f]Ody 4: L ho [2HEMad &amp;)
L = Ka Ke L — Ws [323 Ws-W3 I (0)

Ns Hy — nu, Kg



3B

Values of 74€ Corsi drits.

C= [BH 2AT/2 7 fying’ C = /048 +7095 [056L%°

b= - 0425+ 1,083) — 09 751226° of [2 BO+TZ r= 1327118°

K= /. PPT 65% = 6.73 [727° A, =r PA C+ T16k =. 22TLEr"

K; =./46—Js5= 20% [557° me be LT

Kore SOT+IHO2 = ,64#6/[3%23° He = IH 6 +15 = 2 03 45% °

=, 237 + T2562 24.2/%2° Wp =, /8E~Tl= 20LIE3R°

Kg = 25 —Jor8 284/37"
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Ther: Zz 176/755
Zp = Viv 4 do iyAAdi

Z, LT 3 [CP



wally ifn

Comparison of calculated and measured values of currents.

I 0
Méasured;......... 11.2/2322
Caloulated;....... 15.3/8°
iz ,
Yeasnred i... 0... 28.3183
Calowiated:,...... 17.57/75"

3 °
flcagsured:........ 12.7 L2

Calculated:....... 17.3 [210
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Nic Heslistance.

The ohmic resistance was measured by the drop

of potential method. The diagram of connections is shown

in the accompaning figure. A resistance was placed in series

with the armature in order to “as

reduce the impressed voltage.

Several values of V and I were

measured between each pair of

terminals, also for different

positions of the rotor with respect to {he armature. The

value of ths ohmic resistance is then given by: Von® I.
23

ohms: per phase.

Lffedtive Resimtande.
The effective resistance was measured by the

shopt~circult method. As follows: Let Pj equal the power

input to the shunt motor when it is driving the synchronous

motor with its armature circuit, and fisld circuit open.

Let Ps equal the power input to the shunt motor when the

synchronous motor ls short-circuited, and Pan = the stray

power of the shunt motor. Then synchronous motor friction
2 | 8

and windage = P1-(Tge) Vae = Pep. =P . where T, and

Vass the shunt motor armature current and armature resistance

respectively. Let P= care loss of the synchronous motor

corresponding to short circuit £ié81d current. Then the ef-



fective resistance per phaseils given bDyz

= Te nd

L ™~ rd P des T X ¥ —Par : w (Tac Fave Ye
a“ -

where I is the short-cireult phages current of the

synchronous uotor.



Magnetization Curves,

The magnetization curve of the motor was ob-

tained by driving it as a synchronous generator with a

shunt motor. The apeed of the shunt motor was adjusted

until the frequency of the generator was at its rated value

of 80 cycles per second. The Field current of the synchron-

ons generator was varied Irom a walue which gave about 65

volts to a value whlch gave about 300 volts.

The form of the magnetization gurve shows

that The machine operates somewhat below the knee of the

curve wien 1% is operated on 230 volts. This causes the

machine io have a higher gynchronous impedance than it would

have 1f 1t operated at the knee of the curve under normal

voltage conditions.

Several sets of data were taken, and in sach

case Lhe curves were all coincident with each other for

the same value of fisld current; thus showing that the

data was accurate.

The curve is plotted with live voltage as

ordinate and field current as abscissal. Therefore in

making calculatlons [rom the curve the voltage must be di-

vided by the square root of three in order to get rvhase

voltages.
Niagram Of connection

¥

CT | shunt motor was

o £ r o : $8 Q
y directly connected

¥ : Lo 0 synchronous motor.



Zero Power PFactor Curve.

A zero power factor curve is a load satura~

tlon curve taken when an alterator 1s supplying a reactive

load at a very low power factor. The curve has the same

form as the no load saturation curve,

It is impossible to get absolutely zero power

factor experimentally, but 1t can be approximated by using

&amp; synchronous motor as a load, ruining at no load with its

field over excited.

The connections 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 above. The armature current

was held constant and the [field current of the motor acting

as a synchronous generator was varied. Values of ficld curs

rent and terminal voltage were observed. The frequency was

held constant at 60 cycles. The power out-pubt was also oh-

served.

From this data the zero power factor curves

could be nlotted. Two curves were plotted, one for 32.11

amweres and one for 29.87 amperes armature current. The

power factors were .0746 and 0805 reapectively.



Liogram of Conmeclons
for

Zero RBwer ocr Yur

VQ

ec B.. 2 |
ye &gt; v)
. 2 ie

Poy _E ps 3 ~ . |
ar LE a 2

£5 7 (=) &gt; %S
a

Shun’ Mokr Jes; Nojarr Syr. Molor
wnder-excried

'



short Circuit Curve.

A 8hort circult curve iz a édurve showing

the relation between the [leld current of a synchronous

machine and the armature current when the armature is

short circuited,

The diagram of connections 1s shown on the

following page.

The synchronous motor was driven as a gener-

ator by a shunt motor. The armature was short circuited

through {hree ammeters, and the field current was varied

in steps until about 1.20 full rated current was reached.

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

served. The short circult curve was plotted from this data,

The spced was held constant at 1800 R.P.l. (Synchronous Speed).

The short circuit curve is a straight line over the range

of saturation through which it is possible to carry it.



Care Loss, and TW Run.

The care loss and friction and windage of the

synchronous motor was [ound by driving it as a generator

by Che shunt motor. The diagram of connections 1s shown

below,

Firat, drive the motor with its field and

armatures circuits open. The power input to the shunt

motor minus the shunt motor strecy power and armature copper

loss give ths friction and windage loss of the synchronous

motor.

Secondly, drive the synchronous motor with the

shunt motor at synchronous speed, and vary the field current

of the synchronous machine, taking readings of shunt motor

current and veltage, and synchronous motor fleld current.

Then for any particular value of synchronous motor field

current the core loss im egual to the input to the shunt

motor minus the stray power of the shunt motor, the armature

logs of the shunt motor, and the friction and windage of the

synchronous motor,

+, )-



bi 7)

Method of Determining the Zero Sequence Impedance.

The zero sequence lmpedance was measured

with the field of the motor rotating and with it sta-

tionary. Average values were taken in cach came from

a8 number .of observed rsadings.

The dlagram of connections is shown on

page 2%a. The three armature terminals were connected

together. A low single phase voltage was Impressed across

the neutral and the inter connection of the three phases.

An ammeter was pul in the line as shown and a voltmeter

connected between the meutral and one line. The value of

the current and voltage was varied in steps until the cur-

rent reached about 58 amperes. From the readings of the

voltmeter and ammeter the zero sequence impedance was obtained.

2g A where Zo is the zero sequence impedance per phase
and ¥ ond I, the magnitude of the alternatimg current volt-

age and current respectively.

The voltmeter was connected alternately between

first one line and the other and the neutral, in order to

see 1f the zero sequence impedance was the same for all the

phases. The rotor of the machine was also rotated by hand

t0 see 1f there was any effect due to the position of the

Field. The values of 2o obtained in this way were averaged,
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and thls average compared with the average value of

#0 obtalned when the motor was Griven at synchronous

speed by a shunt mobtor.



ieverse Phase Impedance Run.

The connections for the reverse phase impedance

run are shown on the following page. Three equal resistances

were placed in cach line In order to reduce the lmpressed

voltage. The connectionsito the motor are such that it would

run in its correct direction of rotation if allowed to oper-

ate as a motor. The shunt motor, which was directly connected

to the synclhironous motor, was connected so as to drive the

synchronous motor backwards wlth respect Lo the lmpressed

voltage across the three terminals, The speed was adjusted

80 that the frequency was at its rated value. A series of

readings were taken Tor three separate cases, First; with

the field circult of the synchronous motor open, second, with

the Field circult short circuited, and third, with a direct

current. in the field. An alternating current and a direct

current ammeter was placed in the field circuit during the

last run. It was found that the alternative current meter

read a little more than the direct current meter, dus to the

presence of a sgoond harmonic current Induced in the field.

is stated in the main part of this thesis no values of the

reverse phase Impedance were obtained exeepht dn the first

case, that is with the field cirecult open. The reverse

phase impedance in this case is given by; 2d = = where
V is the live voltage impressed, and T 1s the current Plowing

as messured by the three ammetbers.

pal
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Jnbalanced un.

a carbon prheostat was placed In each of the

three lines leading from the main panel to the suxilliary

switchboard and a single phase load was put across one

line. The complste diagram of connections for this run

is shown on page The voltage was reduced to about

200 volts between the lines 1 and 2... The direct current

generator was used as a load. The generator was loaded

by a resistance which could be varied. The load "1" across

the two lines Of the synchronous motor was a resistance

known 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-

ings of 211 the instruments were taken as near as posalble

at the same Time. Also the angular displacement between

the currenta was found for each value of armature eurrent

as stated elsewhere in this thesis. The value of the

three line resistances Ri, Ro, and Rzwere also measured,
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Ohmic Resistance Data

iz ) 5 Vay &lt;n

4.38 18.25 18.25 dor 18.85

1.40 18.25 18.22 doc 18.85

4.40 18.25 15.30 4.36 18,20

ie AY Ga. 1 £ Dov A re. T Ave. RVC»Ave:V, Ave.T, Ave 0% \V 5 Ave Vey Ave T.

4.38 18.24 ‘ 18.25 4,36 18.23

Leo +1200 o= 01204 7 +1188

Avepage value of Yo per phase = .120 ohmis,



Short Circuit Run: Data for Fffechtive Reslstance,

Id-e vad-a Iv

8 +40 o2b +35 0.2 a

5.80 EES «47 12.1 LE

7.20 oes bo 19.2 Is

3.00 228 le 29:3 eo 2G.

0.20 226 vi 35.8 a5. 55.0

10.40 £25 lau. 42.82 13.0 43,0

Speed; constant at 1800 v.P.lU.

Values of Effective Resistance. Per Phase

«285

1278

«2886

» 142

e142

+139

Average value of Effective Resistance per phase.

Ve = .208 ohms per phase.

Ratio of V.

oh

Ee



RT

Data for Vag. Curve.

Field 1 Line Volt; 1=2 Line volts 2-3 Line volts 3-1 Freg.

+75 67.5 87.5 8745 80

«S59 80.8 89.8 80,8 a0

1.10 100.0 1CC.0 100.0 80,

3.30 1.20.0 120.0 120,0 BL

l.44 130.5 130.5 130.5 2

1.82 140,0 140.0 140.0 A

1.85 150.0 150,0 150.0 en

1.79 1680.0 160.0 160.0 Ne

1.80 170.0 170.0 170.0 a0

2.06 130.0 180,0 120.0 50

e220 190.0 120.0 190.0 te

2.37 201.0 201.0 01,0 a,

2:70 219.0 218.0 219,0

2.94 231.0 251.0 221.0 “

Z.21 240.0 240.0 040,0 AT

3.58 253.0 253,0 2532 0 AD

3.84 260.0 2680.0 260 ,0 Ar

4.22 270.0 270.0 ono, 0 an

4.36 282.0 282.0 ono 0 sp

Sedb 290.0 230.0 200,0 Ye

BT 295.0 295.0 205.0

DE



Short Gircult Curve, Data:

Line 1. Line Io Line I, Pield I Speed

18.2 18.5 18.3 75 1300

20.8 21.2 20.8 + BE 1800

28.6 27.0 26.6 1.11 1800

30.0 3045 30,0 -- 1800

36.2 26,8 36 «0 1,15 1800

40,5 11.5 10,7 1.75 1800

45,5 2847 15.8 1.20 1800

40,8 50,5 40,2 C05 130C



Datg for Zero Power Factor curva. P.f. = .0805

Line V. Field I. Frege.

£51.0 4.82

204,0 1.16 2

189.0

172.0 3.80 30, 40.0 6C

153.0 8.34 239.7 40.0 B80

144.0 Te. 22 40.0 0° 40.5 a

In put to Syn. lotor = 960 watts.

Average line current = 30.67 amperes.

Average power factor = 980 =~  .0B05
BX 230 x 30.87

Data for Zero Power Factor Qurve., I ave.z 32.11 7P.1.=2.0748

Line V Pield T

231 4.458 31.0 .

23 £2.05 Bes a, |

20: 23.85 32.4 BE 8 OD aw “

18¢ B55 32.0 31.8 32.5

170 BED me 51.0 32.3 oh

150 3.00 3168 31.8 32.4 AO

130 Bln Brel 32.6 31.8 60

124 2.88 32.3 32.2 32.5 .

Input to Syn. Motor = 960 watts,

Average Line Current = 32.11

Average Power Pactor = 260 oO
3 x 3.11 x 220

D=



Direct Phase Impedance

Short Circuit Method. Zero power factor Method.

fa 2 2,31 For 39.87 amperes at power

Zg =» 2.81 factor of ,.0805

Za = 2.858 Average value Zg = +736 ohms per phase.

Zs = 2.74 of 2 = 2.84 For 32.11 amperes at power

~ = 2.58 chms per phase. Pcotor of .0748

Zg = 2.54 Zg =» »793 ohms per phase,

Ratlo of Synchronous Impedance from Short

Circuit Method to Sunchronous lmpedance from

Zero power factor Method = 2.84 a 3.58
«126



A=

EE

Data for Zero Sequence Impedance,

3348 1.86 24.3 1.26

37.8 B22 23.0 1.55

43.2 ©» 40 23.4 1.885

48.0 2.66 38.2 210

52.4 2+ 90 12.6 £ed3

56.8 Jel1B 47.2 SeDD

52.0 &lt;e30

56.2 S405

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

(2) This data was taken with the armature of

the synchronous motor rotating at synchronous

speed.

Calculated Values of Zero Sequence Impedance,

- “ Average values of Zo

0133 0172 (1) 'Z,. = +0186 ohms per phase

. 0193 » 0172 (2) Ze = LOL79 n"

+0185 0184

.0185 . 0183

.0185 0188

+0185 0180

«0179

0121



Reverse Phase Run: PFleld Circult Open:

Freg.

Le | 50

31.5 12 | 59

19,5 . ) *2eE 55.5

24.8 Co rT 87.5 66,0 }

£9.58 75.0 75.0

3447 Do gl. {2:T 82.5

330.6 ae? 08.0 mde 89.5 oo

42.2 lo 41.0 831.5 95.0 93.0 BC

47.9 27. 168.2 PB.2 98.0 00.5 Fe

Reverse Phase Run, with Voltmeter Across Fleld

reg,

17 B 5g, n

27 a oo 5G. ?

«C Nn 123.0 £8.77

Sl. _— 19.0 18.9 300.0 58.9

85.2: 25,2 23.6 23.5 444.0 53.9

73.0 26,6 27.0 27.C 495.0 58,9

32.83 30.4 30.8 30.8 580.0 EQ. .0

- 3"



Data For Reverse Phase Impedance: Field Short Clrculted,

qo 178 vee Iq “a I Treg
8, 8) Tus "Beg «195 z-

2.” 14. 12.75 ll.5 12 4 +20019. 21... 20.3 19.5 20. wba|0GT024,5. 28.0. 25,0 84.8. 25. , Se «B20

87.5. 28,Ff 29.5. 284 LT: 72.0 2894

Bo.2 33.r 34.0 Za, 9385.2 35.5 B15

Z8.5 37.0 38,3 39,8 30,9. 38.7 .954 o¢

28.0 38.1 40.8 42.2 42.4 41.0 .995 59

24.0 44.0 45.2 49.0 47.9 40.2 1.140 50

Data Tor Reverse Phase Impedance: Tleld Current On.

¥..- No I ¥ T a-p Freg.
23, 23ss 255. rn Sa 545 +85 0286 50.5

24. od. 2D." Bow 10.4 10.8 +25 «044 50.5

20... Sl. wets. 10,5 21.0 21.0 20 «200 50.532.0 35,0|33.0;28.028.828.5..25«04250.538.5 33.5 38.0 00.2 20.8 20.4. .283 +750 DPe5

43.0 45,0 43.0 38.8 37.8 47.5 1.25 » 250 50.5

10.0 40.0 48.0 485.0 45.4 45.0 .23 1.030 50.5

Data For Reverse Phase Tmpedance With A Larger Fleld Current,

Vv. . Speed.

Res (. 2.95 1620

«Co 1Eew as ddl £.01 1620

&lt;02 “oa = £2.50 21... 22.0 :.9 1620

% : 1° 20.2 283. 28.6 LIT 1820

hoe : 190 368.4 36.u 35.6 2.90 1620

Ly 16. 191 40.0 45.0 39.2 2.88 1a“i ~
Mel



Values of Zr; ohms per phase,

3.715 1.650 1.420 1.385

1.750 1.737 1.302 1.571

1.600 1.825 1.337 1.6838

1.520 1.810 1.590 1.570

1.450 1.535 L578 1.590

1.345 1.385 1.575 1.370

1.26886 1,570

1.209 1.523

1.525

1.500

Averages

1.482 1.827 1.533 1.5486

Corrected Averages; for Saturation

1.492 4.04 1 5077= Fup fp ® ue A Ae mR
 Er.on ® Eonn =, 408 1.5035 a « A28 1.546... AZO

- Se ——_. ® NL3.52 3458 5. 50

Average oF Corrected Averages:

AOA A0 oc Ar 0



Data for Core logs curve:

Line V. Field I P=c Motor V. D=-c Motor TI Freg.

CaO 0.00 eld ~0

108.0 3,15 225 nT

142.0 1.58 225 a

130.0 2. 00 Rab :

215.0 254 284 i

230.0 280 225 50

260.0 Bel goB pak

Calculated care loss.

PC watts T

c 1.15

230 1.58

402 2.00

BEY 2eDd

272 2.30

7RR 2.2%

Ral oR

=r
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Data for unbalanced Run.

ye 17.” 40,7 20.0 B7,E 9}

V.

on " 132. z 32 ow

221 frre iy 5 1 123 58,7 205 &amp; sl

221 . 32s 131 iF 120 80,0. 1986 Bs -2 a3

. ~ i

1.7 15 1.

Resistances Ry,Ry, ia;
: R Vv Ne ON 1 R il” IL ts a W hh i -~1 : Ts V-
re a5 BY Z 8.15 5Y7 ob 1.7 38.1 .048B8 g21

TE Rr,

Bu. 4.34



wip

Calculated data or unbalanced Run.

Angle between currents and components of currents

Data Ro. 1.
34.40

cos 97 = 1-597; 97 = 45,8°Ce) al)

-1400 C
cos On = ila BB0r Ow 70 ab

- 28 % 210 BENS

cos 0 = BO 2 «0392 0. wm g7.3°
17 x 210 -

I = 18,38 + J18.,3

I = 8.87 -~ J258.5
2

I. = .29 + J17
LJ

i oO
Io 7 28.13 -1328.5 7 33.8 IT5

Tas 1/5 (22.13-J25.8) = 7.34 - 78.4
Ls 0 2 &gt;La ne 1¢ oI3 HT .3

fay = 3,18 +325.1

Data 11.cos 0, ms Tams=0447;9,=63.4017.8 x 203

-i =cos 0, 3 _Z880Dow =.307 0, n ~70.5°
40 x 203 ~

08 0s 3 meio.» § .0013 #0, a 26.4587

Iv = 7.9 + J1B.Y

Is 13.1 ~ 337.8

I, = 2.014 J331,8°
wl

I, = 194009.7 » 21.4 §27.1°

I,m B.33+3.23



a

Calculated data [or Unbalanced Fun (con.)

Data IT
no

808 0, = SE0ooo lz alAB078: 9; 2 7
21.5 xX 108

gos QO, 8 7200 ew ,3085: 0 . 70
~ ,- = x 0 an §

48 x 108 ~

aC08 0, 5 fez 0785 OQ, - 85,6°
. 40 x 1986 -

x wa

I, =» =-15.2+ J46.6
2

T= Fd -3 a 14 i J30.9
J

I. = =13.26+27.5

1, 5~%.42 + 39.185

la = 48.81#%#£J15.31
— nk

Tay =a wle® += J3.05



Appendlx C.



12's

ery 3 2 ~~Armature LReslatanceSEAA0EBTPMTUMBCTHEImy . VAS 3 rT AEN Tare ——— Wee PEThe armature resistance was measured by the

nydemay de oA MA 32 opin SP NTT EA AEdrop of potential method. The diagram of connections is

tr a on dal . “ * - 0 odie . ” — - A , ’

shown in tne accompaning figure. A resistance was put

” ~ 2 ory A Jo Ts } B= nod 3 4

in series with the armature to reduce @) |
d. QO

Ti SE ken) Ee A 3 id )

the voltage impressed. A voltmeter i Ar (V)
am I i pn Ti al =F 2and ammeter were placed as shown in &gt;

AR Aer £4 7) a - 3 YR © 2 ry nr by at v1 em - ff Tn 2 ¥Y 4 3the diagram. Several readings were tsken on each instru-

" v 13 ~ hl ey oy oY te 2 A 1 ey - FTV a on wmment, for different positions of the armature. The resis-opreoan»sgymfotaamyA8xtance 1s equal tothe ratio of V to I.

Stray PowerRaaaaaaaaarm fo] oy NS» W nr eS Ea ¢ ~~ $ \ TAY IY Ph - aThe stray power of 'a Girect current dynamo deo-

mor + | y mrisad and : nn a Tarr eye ae depends only on the speed and flux at which the dynamo opera%cs.

rt A 2 rev A - mn = - van 3 2 a ohn oe my cn op v H \ i 4The dlagram of connections for determining the stray power 1s
1 pan 9 a doy . "ys np nn yy Lr - a

shown in the accompaning figure. =
t

The resistance is used to vary ¢, :
i ®'Tren ng Node rp r 3-Tn = oy TIA 1 my 0 ’ :

the voltage on the armature , therc- .

re Ee Sa 3 . - 8 rm iby varying the speed. The input towv of {och 4

Jol on vA Nad Ar ed - : x ov 2-1 . en . Tir 2 }Lhe motor, at any speed is VI, and the stray power 1s P_. =
S00

oO
vi EN { T 4 x mri oy Ty om 2 eo AN om 2 Vian ny dea my AAT YT XT 2 Je Vm

a \ a Vo whnepono To 18 C8 arinacure our rent 9 Vi LB Lie

voltage acy a the gapmatiire meaciivpad ao ahaour org 1 1aLS A od WL AL ded A. - } ls ad AR wo athe = Vv NA vo thudTO Lr Gael , 2.07088 i APE TN IH measur FAR 800 11, cLlal 7a

iy aa s ~ - 1. A porthe resistance of the armature.

core LossIAOI5oSMsi "nr 2 - al SER "The care loss was obtalned by driving the shunt

wey " 1. in ay led Me re i LAmotor by the synchronous motor, and measuring the input to



Ch Je

the synchronous motor for different values of d-c motor

voltage. Uith the direct current motor [ield open, the

power Input to the synchronous motor 1s equal to the

friction and windage losses of the two machines, and 1%va

loss and clre loss of the synchronous motor. Then for any

particular value of d-c voltage, the care loss of the d-e

machine is equal to the input to the synchronous motor minus

the sum of the power input to the synchronous notor and its

armature copper loss.

The stray power curve and cere loss curve [for

the d=-c¢ machine are plotted on page 4%a.



Data fox Shunt Motor

Armature Resistance tray Power Data
Current Voltage Tarrent Voltage peed

3565 11.6 1.10 22% 1200
35.9 11.8 2.10 220 1350
385.8 11.7 £2.10 21d 13800
35.8 1i.~ 1,10 208 17.0

4,00 185 16850
2.00 182 1550
2.17 157 1450
B3+5C 107 2870

Calculated values of Resistance and Stray power

Resistance Stray power

224% DES

327 873
+ 227 B3¢

TIE
Average 722

83S
228 BI

Core Loss Data

| Caiculated values of
core loss.

BC. 2. 2 C
18% 320 i 820 1280
175 860 oC 8G" 280
217 700 2S 80. 320
Par 760 200 Bel 42C
24.4 200 400 /o0 ROC
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