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INTRGDUCTION

The purpose of this thesis is to develop the theory for the condi-
tion of maxirmm stability in & transmission circuit under varying con-
ditions of 1lmed, f)ower facto'r, line constamts, etc, &nd to represent
by means of churts 1;he synchronizing power corresponding to any rational
combination of generator telf'minall voltage, generutor resistuance and
reactence, transmission circuit resistance and reactance, load power
fuctor, and effective load resistance and reactance,

The scope of this work is necessarily limited, hence the stability
of circuits during trunsient periods is not discussed and stezdy-state
corditions are assumed in the following discussion,

Several oscillograms were taken of the voltages and currents of
two generators operating in puarallel, under varying conditions of
excitation, phtse displacement and line constants, &nd operating just

within the stubility limit,



GLIERAL CONSIDARATIONS

Until & very few years ago the loeds on power systems had &
comparat ively low power factor causing poor generuator &nd transmission
line reculations, However, the size of the lozds and the length of
the lines were small, so that the generator field rhcostats wers
entirely adeyuut2 to control the voltage without loss of synchronism,

Recent demand for customer paower factor improvement snd incresase
in length and voltage of transmission lines have combined to create a
general tendoncy toward better power factor, Hence during the lidht
load period on & long transmission line the generator lozd becomes
decidedly leading, A8 a result of this, unstable voltuges ere produced
and field rhcostat control alone is no longer sufficient, If the
transmission line is of consideravle length the generztors miy even
become self-exciting and reverse field excitation necessary to control
the voltare, This is, in effect, & resonant circuit between the capac-
ity of the transmission line and the inductance of the generator,

When the field is reversed the generator is liable to slip & pole whicu
will cause sbnormal voltuges,

From the above considerutious it is evident that it is desirable
to maxe & study of trensmission stability especislly when systems of
high voltages are interconncected,

In genaral, there are three mwain types of instability in electric
systems:

(1) The transients of readjustment to changed circuit conditions,

(2) Unstable electrical eguilibrium, the condition in which the

effect of a cuuse increases the cause,






(3) Permanent instability resulting from & combimetion of circuit
constants which cannot co-exist,

Transients are the phcnomena by which, st the change of circuit
conditions, current, voltage, load, etc, readjust tnemselves from the
values corresponding to the initial conditions to the values correspond-
ing to the new omnditions of the circuit. For example, when & switch
is closed and a load put on & circuit, the current cannot increase
instantly due to inductance of the circuit &nd some time must elapse
so that electro-magnetic energy can be stored., Also when a switch is
closed in a motor circuit the transient period corresponds to the period
of acceleration of the motor,

The characteristic of transients is that they are of very short
duration and exist between two periods of steady state conditions,

It should be kept in mind when dealing with trunsients thut
resistance, inductance, cavacitance, and leuxunce, the ordinary con-
stants of a circuit, are no longer coanstants, &nd trat the results
obtained when they are used as constaants are only approximations,

If the effect brought about by & cause is quch &s to reduce the
cause, the effect limits itself and stability results. If, however,
the reverse is true, the effect continues with increasing intensity
and instability results, This applied egually well to all phaenomena,

Instability may munifest itself in three/(differentf forms:s (1)
Instability leadine up to stable conditions, (2) Instability csusing
permanent interruption to service, (3) Instability leading agein to
stability, and thus periodically repeating itself, Wnether instability

results, and what form it assumes depends, not only on the cause, but



on the circuit taken as a vhole,

In commection with transmission line stability, the effect of the
armature of the generator on the field excitation must be considered,
For a unity power factor load the field set up br the ampere-turns of
the armature is at right ancles to the field set up by the ampere-turns
of the field and causes cross-magnetization, This results in a shifting
of the field flux and under heavy load oconditions uctually demagnetizes
the field which, in turn, reduces the induced voltage of the generator,
If the loaed is zero power fuctor lacecing, the field caused by tne
ampere-turns of the armaature is directly onposed to the main field of
the generaztor, and hence, causes & considerzble reduction in the effec-
tive field &nd induced voltare of the generator, If the loud is zero
power factor leading, the field set up by the ampere-turns of the
atmature is in phase with the main field and results in a field &and
induced voltage much larger thcn normal,

From these considerations it is evident that, for &l1 possible
lozd conditions on & generator, it is necessary to have a wiue range

of field excitation if constant terminal voltage is to be mmzintuined,



THERETICAL COSIDERATIONS

When two or more alternators are operating in parallel, the
natural reactions which result from a departure from synchronism are
such as to reestablish it, This is the principle which makes possible
the parallel operation of generatars,

If two equal generators are considered operating in parallel and
their induced voltages not quite equal, there will be a circulating
current between the machines caused by the difference between the tvo
voltases and flowing thru the series circuit consisting of the synchro-
nous impedances of the two machines and the impedance of the circuit
between the machines, 7This circulating current may be caused by the
two voltapges being either out of phase or differing in magnitude,

When it is produced by a difference in phase it produces synchronizing
acting., When resulting from an inequality of voltages, it equalizes
the terminal voltages, mainly by the effect of amature ampere-turns
on the main field flux. For two equal generators the circulating

current can ve expressed by the formula

Ic = _E1 -Ep (1)
4

wnere Z represents the synchronous impedances of the two michines and

the line between them in series,



Fig. 1 represents two equal generators with their armatures takem
as & series circuit and with equal excitations and equal loads, V
represents the terminal voltage and E represents the indiced voltage.
The terminal voltages are equal and in phzse when considered with
respect to the parallel circuit but are opposite in phase when con-

sidered with respect to the series cirauit,




Fig. 2 represcents two eyual generators with equal terminal volt-
ages but with the induced voltages out of phuss, Cince L, end E, are
not in opposition it follows that their sum is not zero and hence there
must be & circulating current flowing thru the two srmatures represented
by the formula Ic = _BEy + Zo where Z (2 = r +hjx) represents the

r¥A
synchronous impedence of one machine, This circulating current lags
behind the voltage (Ep + EZ) by the angle tan™! _X , where X is the
synchronous reactance and r the effective resist&ice. Since the ratio
of the reactance to resistunce is usually large, this angle is nearly
90%,

The circulating current has & component in pnise with Ej end a
component in opposition to EZ' Hence it produces generator wction with
respect to machine No. 1 and motor action with respect to machine Yo, 2,
so that the result is to slow down machine No., 1 and to accelercte
muchine Mo, 2, thereby tending to bring the voltages E; &and Ez in phase,

The current carried by the armatures 1s the vector sum of the
circulating curr-nt and the load current., The current delivered by
the two generators is the vector difference between the two armature
currents,

The change in the output of the generators when the voltages are
out of phuse is purtly due to the power developed by the circulating
current considered with respect to the induced voltages in the gener-
ators, and partly due to the change in phase and mugnitude of the
generated voltuges with respect to the load current supplied by euch

generctor, nReferring to Figs. 1 and 2, the change in the power

developed by generator No, 1 due to & phase displacenent is






El(Il + Ic) cos a% - E;I; cos a;. Assuming constant temminul voltage,
I; will not caange and
E1(11+Ic) cos a}éﬂll cos a,=E,I; cos B)-E;I; cos &,+E I, cos p; (2)

I, 18 sometimes called synchronizing current since a large part
of the synchronizing power is caused by this current directly,

I, is the only current which tends to restore synchronism when
tnere is no load on the system, and this occurs only when I, lags
behind (E; + Ez). If By &nd E, are equal &nd I, is in phase with their
sum, tnere would be equal positive projections on E] and Ep and an
equal generator action would be produced on euch mac‘niﬁe, and conse-
quently no synchroniz ng power developed, The synchronizing power
developed by I, is dependent upon its leg behind (Ej + Ez), hence in-
ductance is necessary for the varallel operation of generators, By
inserting cepacity betweer the generators in parallel, the circulating
current cin be made to lead (2p + Ep). The action of I, under tais
conaition is to change the IZ drop thru the gachines to an IZ rise,
thereby reducing the induced voltages, Generators inherently have
inductance in their armatures, so that the natural tendemcy is for
proper parallsl operation and their stability depends upon the amowmt
of resistamce &nd inductance in their armatures and to some extent upon
the constants of the circuit and loed,

If the constants of two gemerators are not in the inversd ratio
of their ratings they muy be reralleled by properly adjusting the in-
puts and field excitations so they will assume any desired load, There
will be a circulating current tetween the s rmuture’ however, which is

desiradle and necessary since it is in this way thut the terminal

voltages sre equalized,



Changing the input to & generator operating in parallel with others
changes its load &nd phase position, but does not change the value of
its generated voltage appreciably. Changing the excitation changes
the indaced voltage and its phase position, but does not change the

load appreciably,

E;"Ex
cX E‘
I
-~
r
p 6
o
o T—1
1 &2
Fig, 3

Fig. 3 shows the vector diagram for two equal generators drawn
with respect to their parallel circuit. I represents the value of
current in each generator which is in phase with the load current Io'

I, the circulating current equals _Ej - E> .
27

If Py represents the power developed by generator No. 1 when the
induced voltages are displaced by an angle a, and I} the armature

current, then

Py = I)B, cos B = (Lo + Bl -Ea}El cos B = (I + I,)E) cos B
(2 2Z
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: 2 2
P, = I.E; cos 6 cos a -~ IE, sin ® sina + I,r + E;x_ sin a cos a (3)
1 171 =2 1 2 c a &
2 2 % 2 2

Similarly

2 o
P, = IE, cos ©§ cos a + IE, sin @ sina + I,r -=E5x sina cos a (4)
2 2 2 2 2 c a a
2 2 E 2 2

The change in porer developed by each generetor due to phase displace-
ment is found by subtracting 2,1 cos 8 and EgI cos @ from equetions
(3) and (4) respectively., Muxking this subtraction gives the change in
power developed by generator No, 1 equzal to

EI cos ©® (cos &8 = 1) = IE sin @ sin a + Iir + gzx sin & cos & (5)
2 2 Z 2 <

Similarly the chenge in power developed by generator No. 2 is equsl to

EI cos © (cos a ~1) + EI sin © sin a + Igr - % sin @ cos & (6)
2 2 ze 2 2

The first and third terms of equations (5) and (6) &re equal and
of the same sign so that they must represent generating action in each
machine and hence do not cause synchronizing action but tend to slow
down the system frequency. The second and fourth temms are equul but
of opposite siens and hence must represent the cynchronizing power

acting between the two muchines and is equal to

Py = B Eé cos g -~ I sin 8] sin & , (7)
L Z P ] 2

This value of power is one hulf the difference boetween the powers
developed by the two generators, From equation (7) it can readily be
seen that for everything constant except the generator power factor,
the synchronizing power is a maximum when © is equal to 90°% and nega-

tive, This means that maximum stubility is obtained for a zero powver

factor leading load,
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Equating cos & sin & to _sin 8 ana rewriting (7) Py becomes
2 2 2

Py = El Ex sina -1 sin © sin‘g] (6)
24 2

By differentiating (8) with respect to &, equating to zero and

solving for a, tne vailue of a for maximum synchronizing pover is

obtcined
dPg =TE[ Ex cosa -_1I sin 8 cos a} =0
—_—a -
da L 222 2 2
-1 2 2 + . — —~
a = cos ! I” sin” @ L _I sin ® Vi< sin%9 + BE<x% (9)
45ex 4nex~
Similarly,
dPg = _Ex sina - I sin ®sina =20
dn z~ 2
E = _I2° sin @ (10)
X cos 8
2

This gives tne value of E for maximum synchronizing power,

The above statements regarding maximua synchronizing power and
hence maximum stability, were made &ssuming the induced voltage con-
stant, However, in practice the excitation is usually varied to muin-
tain constunt terminal voltage and under these conditions the synchron-
izing power becames greatest for inductive loads for & given phase
displecement between the induced voltages,

If R, and X, ars the resistanco &nd reactunce respectively of the

load, then
& a
I=_Zcosi = B cos 2 = In
total 2 V(ZR°+I)Z+(2X°+X)4 P
and sin 8 = _totel X = X + X

Substituting these values in equation (7) gives for the velue of



12

synchronizing powser

Pg = _Z° [ X __ - Za + X r}sina (11)
2 Z (i’iio+r)‘-+(£;}io+x)‘*

If @ short circuit should occur with no impedance between it and the
generators the ecuation for synchronizing paer becomes eguzl to zero,
This means that instability would result end the gererators would fall
out of synchronism,
By expressing the induced voltuge in terms of the temin&l voltace,

an equation for synchronizing power can be written in terms of the
phase disnlacement, the varisus resistances and reuctances, &nd the
terminal voltage,

E=V+I(r+Jx))]

v-zzz°=2rfig':‘f~°2

since both genecrators &re sunnlying equel loads.

E = I(total Z) =1 V(—mo+r)z+(zxo+XTz

E= V[ r]e (&K X]?

]
2 R% + xo

Substituting this value for E in eguation (1l1) and simplifying cives
2

Po=_YVY[X + (Xz-rz)( Xg )+ ggrx sin a (12)
° T2 UzZ (228 ) (R§ + X5 ) z(Ro+xo)}

0

When the load is zero the equation reduces fo

Py = _VX sina = wzzx sin a
8 22% 2(re + X~)

The rmeximum synchronizing power that can be obtuined for the zero
load condition by sepurately varying the resistunce wund reactince is
shown by tne following, by setting the first derivative equal to zero

and solving for the variable quantity.



_dPe = 2(r® + X*) v° sin a - 4V2§2v§in & =0
dx 4(r= + X<)=

Solving for X gives
X=r (14)
The other values for maximum synchronizing can be obtzined by
inspection of equation (13) as well as by differentiation, The
syncnronizine power varies directly as the square of the termminal
voltage; it is maximum when & = 90°3 &nd it is meximum when r = o,
The reximum synchronizing power when the system is carrying a
load is shorn by the following. Rewriting equation (12) in four terms
gives
Py = YX sin & + Y%X2 sin & %o - ¥°r? sin a Xq + Y°rX R, sin a_(15)
2T XE) WRIALIrEAT) ARIALIREAA 2lroal](REAE)
Differentiating equation (15) with respect to r, equating to zero gives

dPg = ™ sin a (- 2r ) + Ier X, sine (- __2r )
dr 2 ( (r<+sx<)<) 4(RS + X5) ( (r2x%)%)
- v%, sin a (2r(r2+z2)- r(2r) + ¥&X sin a (r2+x2-r(2r))=o0
4(3% + x§) ( (r2 + X<) ) Z(Rg + x5) ( (r? + X*R

Solving for r gives

r= B2 +x3+xx, t V{RE+ RE+ )2+ REZ (16)
R

o

This represents not only the effective resistance of the gemerator

armature, but also the resistance of the circuit up to the point of

synchronizing,

Differentiating equation (15) with respect to X gives

2 2,2 2:xR)x?
dPg = V° sin a (|r +X -x]Zx;I- XE F&gl;é;_l:§_£§§l}
dx 2 (L (r< + x*H 2(R§+X§) (r< + x2)
2 2,92
~- r<Xq -2 + _IR lr +x x(ZX; ) = o
Z(Bgﬂ(g) E (rz«y]{}r)] Bg*%z (r< + x })
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Solving for x gives X =7 (17)

This vualue of x elso includes the reactance of the circuit up to
the point of synchronizing, as well as the synchronous reuctance of
the generator,

Differentiating equation (15) with resnect to Ro gives

dPg = V% sin a (Xox® [~ __ 2mg -E-zg Ra
dR‘o" z(r§%7 (_%—[ (R§ + X3) J 2r (R§ + X§) }

+ rx[ RS + X& - =3 J)-o
L (RO*XS)“ )

Solving for Ry gives Ry = _Rar_or - _Xqr (18)
x r

This gives the vulue of the offective resistance of tne load far

the muximum syncnronizing power,

Differentiutine eyuation (15) with respect to X, gives
dp, = 3% sina Q;ZE RE + x% - =& J- ;2[ BE + X3 -z} ]
aX, 2(re+x<) (2 (kg + Xg) 2 (Rg + Xo)
+&- 2r xgggg 3) =0
(R§ + Xg)< J)

Solving for X, gives Xo= RpL X OrR,x-r (19)
r+x X+ 2

Differentiating (15) with respect to a gives

dp, = ve ([x cosa] +1 [x cos a]-llrzxq cos §i+
=L g - - r4 2
da 2(re+x<) 2l R§+ X5 2l R§ + X3

Solving for a gives a = 90° for meximum synchronizing power, (20)

Substituting the values _Ry for cos @ cnd _X, _ for sin 8 in
4o Zo

equation (15), the value of synchronizinz power becomes

Pg = Vz sin a (x + x° sin @ cos @ _ - r2 sin @ cos @ + rx 00329](21)
2(r2+x?) ( 2R, &R, Ry

Assuming the effactive resistance of the load constent, different-

lating with respect to @ zives
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2
dpg, = X [cos®e - siu’ze] - r? [cosze - sin‘gel + _rx
e = X, Bo

[-2 sin ® cos 8] = 0

Solving for © gives

@ = cos! I *+X orcos”! r-x (g2)
re+x +X

Rewriting equation (15) again, keeping in mind that the power
factor 1s to vary and that tha effective reactance of the load is to

remain constant, gives

Pg = V2 sin a [x + (x® = r?) sin®@ + r x cos 9 sin 9] (23)
2(r~+x<) Ko X,

Differentiating with respect to © gives

dpg = (xz -;2) 2 cos @sin 9 + r x(cgszg - g;n'agl = 0
de X X,

Solving for © gives

@ =cos 1t or (24)

r * X
ez Vet
The above discussion has been devoted to the consideration of two
equal gemerators operating in parallel, In the following discussion
there will be considered the general case, that of a generator operat-
ing in prallel with a large inter-comnected system, or, what amounts
to the same thing, two generators of unlike characteristics operating
in parallel, Fig. 4 shows the relations existing between the virious
voltages and currents for this condition, drawn with respect to the
parallel circuit, V is the voltage at the point where the effective
load is takken off and is used as the reference vector, E; and Ep are
the induced voltages respectively in the two mechines, displaced by

the angle a, and unequal in magnitude, I1 &nd 12 are the urmature
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E
I '
E-E, ¢ A
X
ol ] E‘
¥ ¥ 4
9 & 1,x,
% B,
-I, L, 1,=1,+1,
Io'
I = Iol-Ic
Fig. 4

currents respectively of the two machines, 1,7 &nd I, arc the
components of the two armature currents which are in phase with the
load current I,. I, is the circulating current caused by the differ-
ence between the inducea voltages of the two mecaimes (BE; -Ea), the
armature currents being the vector sum of the circulating current and
tne components in phese witn the load curremt., The difference between
V and the induced voltage of the machines is the impedance drop in the
circuits from the point of peralleling back to the machines plus the
impedance drop in the machines thomselves,

The values for the induced voltazes cun be expressed as follows:

E) =V + 1,2 =V + Ir cos 0 + I1X] sin 071 + J(I3X1 cos 07

- Ijry sin 071) = &) + jel (25)
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Ea =V + Ipdp=7V+ Iprg cos O + IpXp sin 0 g + J(Ig¥p cos 0y
- I,r, sin 07,) = e, + je} (26)
The voltage whicn causes the circulating current cun be expressed
similarly,
E; -E, = I,ry cos 07 + I;X; sin 0 -~ I,rgcos 0 ~IX, sin 0y
+ J(lel cos 07 = Iyry sin 07p =~ I.X5 cos 0 + I;ry sin
o) (7)

Tie angle /A is equal to tan ' x, + x, and , in most cases will
1 v T2

be nearly ninety degrees, “/hen the circuit between the gemerators is
of comperatively high resistance, the angleff will be somowhiat less than
ninety degrees,

By representing (E, = Ez) as e, + Je}:, the value of the circulating
current can be expressed as

Io=fry +rg = d(xy + x er_+ ok (28)

(rq + rz)‘ + (x1 + x5)

The total power developed by generztor No, 1 is P; = EjI; cos B1.
The power devecloped by gemerator No, 1 which supplies the load, circuit
losses and machine losses, is VI, cos @ + I%rl. Hlence the synchroniz-
ing power developed by gemerztor No, 1 must be
Pg = E I; cos B - (VIol cos 6 + Iirl) (29)

Expressing E; in terms of V, equation (29) becomes

Pg = W"Ilrl cos 0+I1Xp sin (T"l)z*(llxl cos 0 1-Ijry sin 0 )*
I; cos By - (VI cos @ + Iirl) (30)
Bl = tan”1 .9_% + tan_l _i_}_ &0 = tan"1 _i_%, where E; = €9 + Je%

1
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If the values of B) and O™y are substituted in equation (30) the
expression becomes quite cumbersome and, unless the two gemcrators
have constants which deviate considerably from the inverse ratio of
their ratings, it would be adviseable to use equation (21) instead of
equation (30) for an epproximute result,

Rearranging equetion (21) in the form Pg = Py o+ Pa =P, + P,

3

where

= V%Xz sin @ cos O sin a,

Pl = sz sin a, P
430 (rz + x?)

2(re+x?)

2

P
Pz = r2y® sin @ cos @ sin a, Py =Yr x coq?e sin a,
4R (r2 + x~) R (r* + x<)

and choosing mroper values for the variables, the value of synchroniz-
ing power can be put in chart form,

From Churt I the value of Pj cun be obtained by placing a straight
edre from tiae value of & to the vazlue of x, rotate the straight edce
about thne intersection of pivot line (3) to the value of Z, rotate the
straisht edge @about the intersection of pivot line (5) to the value of
V and rezd the value of kxilowatts on the Py scale,

In & similar manner the values of Py, Py and P, can be put in
chart form, However, Pl represents the synchronizing power due to the
circulcting current and is most important, If the load is zero Pp
represents the total synchronizing power, If the load is not zero,
the values of Psy P3 and P4 depend upon the effective values of the
resistance and reactance of the load. If the reactance of the load is

zero, Pp and Pz become zero,
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TZ51S AND OSCILLOGRLIS

In connection with the study of stebility of transmission circuits
several oscillograms were taxcn of the voltages and currents of the two
laboratory generators G2 and G3 operating in perallel near tne point of

instability,

Fig., 5 is a connection diagram snowing a typicel set of conditions

under which the oscillograms were taxen,

A

v

L
”

0@ N - Y
G2

<%§ dP .
| 11X
Land

Fig. 5

The following two peges show the short circuit and saturation
curves of G2 and G3 respectively,

The synchronous impedance to neutrsal as celculsted from these
curves is 0,238 ohm for G2 and 1,045 ohas for G3,.

The aversage D.C, resistance to neutrul of G2 is 0.10 ohm, Tne
average D,C, resistuace to reutral of G3 is 0,113 onm.

A8 c&n ve seen from Fig, 5, ¢1ll tne resadings und oscilliogrunus

were tuken of vilues of current «ud voltese in the X ¢nd 4 phases,
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Oscillograms 1A, 1B, 1C, 2A, 23, and 2C were taken with constant
generator excitations on both machines, the driving D.C., motor of G3
overexcited and 2,63 ohms resistance in eacnh of the lines between the
generators, For these conditions the hunting was very bad &nd with a
prolonged period so that it was necessary to take a slow oscillogram
to include the part showing the maximum circulating current, This is
shown by 1A, The central portion of 1B shows & reduced circulating
current corresponding to the period when G3 was supplying synchronizing

power to GZ, The approximate meter readings for li, 1B and 1C are &s

followss:
Vz Vs 1 3 w z b 4
75-110 65-120 0-40 0-2000 57,2=58,2

Oscillograms 3A and 3B represent the same conditions that oscillo-
grams 1A, 1B and 1C do except that there is 4,15 ohms resistance in
the lines, The approximete meter retdings ares
Ep Ez I, Wz b4
55-115 82-113 0-25 0-1370 57.,9-68.9
Oscillogram 3C represents the same conditions as the mrevious ones
except that the resistances in the lines were 5.84 ohms. The approximate
meter readings are:
Ep Ex I, Vg £
106-108 99 10-11 200-240 58,5
This condition has considerably less hunting than the previous
cages, howevér, the resistance in the circuit is too large to be prac-

tical,

Oscillogram 4A represents the condition of constuant driving speeds
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for both machines, G3 underexcited and 2,63 ohms resistance in each
line, The meter rezdings are:
Ez Ez 1, Wy £
92,5 56,5 20.,5-21,5 90-120 59,1
Oscillogram 43 represents the same conditions &s 4A except G3 is
overexcited, The meter readings ares
Eg Ea I, Wy b4
90 95 7-7,5 50-100 £8,5
Oscillogram 4C represents the same conditions as 4A except that
the line resistance is 5,84 ohms, The meter reedings ares
Ep Eqa I, W, b4
104-105 20-70 8-12 200-1500 59
Oscillogrem S5A represents the condition of canstant driving speeds,
G3 under excited and reactance coils in the lines, The value of re-
actance and resistance of the coils is approximately 14,25 ohms &and
0.61 ohm respectively, There was no hunting &nd the meter readiugs
ares
Ep Eg I, W, f
122 80 4,1 30 59.9
Oscillogram 6B represents the same condition as 5A except that G3
is overexcited, Tae meter readings are:
Ea Ex I, Wz f
82 120 5.4 250 61,5
Oscillogram 5C represcnts the same condition as DA excep! that

the driving motor of G3 was accelerated, The meter recdings are:
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Ep E3 I, Wy b4

105,5 60 4,3 2190 62,0

Oscillogram 6A represents the same condi tions as 5C except that
the driving motor of G3 was retarded, The meter readings are:

Eo Ez I, Wy f

107 123 4,7 275 60,9

Oscillogram 6B represents the same conditions as 5A except that
G3 is over excited and 15,1 ohms resistance was connected in parallel
with the reactance coils, Tne meter readings ares:

Eo Ex I, Vg £

73 113 4,0 150 63.5

Oscillogram €C represents the same conditions as €3 except that
G3 was underexcited, Tne meter readings are:

Ego Ea I, Vg £

100.5 (Z0-58) Re7 20 62,4

Oscillogsram 7A represents G2 and G3 paralleled as single phase
generators, their Y-nhases being open, A resistance of 2,8 ohms was
connected in the line, a loed of 7,7 ohms resistance and 14,2 onhms
reactance was connected across thae line and the driving mot or of G3
accelerated, The meter readings ares

Eg Es I W(line) W(load) £

86 ? 16 80 640 60.2

Oscillogram 73 represents the sume conaitions as 74 except thot

G3 was underexcited, The meter resdings erec:

By Jors 1 %W(line) v(lozd) f

106 83 15 20 600 €0,.2



Oscillogram 7C represents the same conditions as 7a except that
the reactence was used alone &s the load and the drivings motor of G3
was retarded, The meter readincs are:

Ep Eg I ¥(1line) W(load)

103 103 15 800 40

In order t» check the exp=rimentel results with the value of
synchronizing power vwnich cun bs obtained from Chart I, suppose tne
conditions represented by oscillogzram BA are tested, The wigle a or
the displucemant between the induced volteges of the two gmerators
can be assumed to be anproxzimately the sume &s the phase difference
betveen the voltames shown on the oscillogram since the current is
comparetively small and the reactance is practically &1l in the line,
This angle by measurement is approximately 120°, The totul rezctance
in series to neutral 1s the sum of the two synchronous impedances
(14,25 + 1,04 + ,24 = 15,53) plus the reactance in the line, The
totul resistonce (.10 + L,113 + ,61 = ,823) is necligible in compurisen
with the reactance, Using these values together with the voltuge to
neutral for this case, the value of synchronizing power is 40 watts as

compered with 30 watts read on the wattmeter,

































37







39















44

PR












BIBLIOGRAPY

Studies of Truansmission Stability, Journal of A.I.Z.E., April,

1926, by R. D, Evans and C, ¥, Vagner,

Pructical Aspects of System Stability, Journal of A.I.E.Z.,

February, 1926, By Roy Wilkins,

Stored llechanicsl Znergy in Transmission Systems, Journal of

A.I.E.E,.,, September, 1925,

Steady-~State Stability in Transmission Systems, Cualculations by
Means of Equivalent Circuits or Circle Diagrams, Journzl of A.I.E.E.,

April, 1926, by Edith Clark,
Theory and Calculation of Electiic Circuits, by C, P, Steimmetz,

Alternetor Characteristics Under Condi tions Approaching Instability,

Journal of A, I,E.E., Junuary, 1928, by J. F. H. Douglas & E. W, Kane,

Grounding the Neutral of Generating and Transmission Systems,

Journal of A,I.E.E,, 1919, by O, R, Woodrow,

Grounded Neutral Transmission Lines, Journal of A,I,E,Z., 1919,

by V. B, Richards,

Power Control and Stability of Electric Generating Stations,

Journal of A,I.E.BE., 1920, by C, P, Steinmetz,

Short Circuit Current of Induction Llotors and Generators, Journal

of 4,I.E.,E.,, 1921, by R, E, Doherty and E, T, Willizmson.



49

Transmission Line Theory, by Franklin and Termen,

armature Reaction of Polyphase Altermators, Electric Journal,

April, 1918, by F. D. Newbury.

Variation of Alternator Excitation with Load, Electric Journsal,

July, 1918, by F. D, Newbury,

Characteristics of Alternators when Excited by Arxmture Currents,

Electric Journal, August, 1915, by F. T. Hague.

The Behavior of Altermators with Zero Power lFactor Leading Current,

Electrie Journal, September, 1918, by F, D, Newbury.,

The Behavior of A.C. Generators Wwhen Charging A Transmission Line,

G. E. Review, Februsry, 1920, by 7. 0. Lorris.

Practical Considerations Affecting quick-Respounse Excitation for

Szlient Pole lMachines, Electric Journal, February, 1928, by P, H. Robinson.

Over Voltages on Transmission Lines During Generator Runawey,

Blectric Journal, December, 1927, by H, R. Stewart,

Interconnected Pover Systems Surrounding the Pittsburgh District,

Electric Jowrnal, June, 1927,

Principles of Alternating Current Machinery, by R. R. Lawrence.

Grephical lMathematics, by Te R. Running,

A First Course in Nomogruaphy, by S. Brodetsky.






