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Al BEXPYRILMENTAL S4UDY O wHE 1=SGubAvION O ALTERNATORS.

A careful perussl of the new Ztandardizetion Rules
of the A. I. E. E. will reveal a no more radiceal charge
than in thet section devoted to the regulation of alter-
nators. Those who =re not familizr with the various
articles which have been published on this subject of
regulation will no doubt question the reason for chang-
ing a rule which has been so long in use, and perhaps
will doubt the accurascy of the results obtained by The
new method. In considering this subject the writer
had a two-fold nurpose in view, first, to commpare the
results obtained by the new method with those obtained

-

by methods which have been advocoted in the post, and,
second, to discover if possible an essy way of conduct-
ing the experimentél pert of the work which would
enable the test to Le included in the Junior Laboratory
Course.

Previously to this time there nave been two general
methods in use for obtaining the regulation of an a-c,
generator: by & load test, and by means of vectorial
calculations from values obtained on open circuit and
chort circiit tests. The first has been included in
the new rules (Rule 295) and stands first in the order
or preference. It is, however, spplicable only to
small machkines, for, owing to the difficulty in

disgipating the large quantity of energy generated,



it is next to impossiblie to apply it to large units. In
the laboratory and factory the test is usuelly conducted
on small machines by driving from & d-c. shunt motor and
loading by means of a water resistance. Two errors are
inhercnt in this method of procedure. The first is due
to the method of driving and the second to the method of
loading. when the a-c. circuit is opened and the load
reduced, the d-c. motor will speed up. This causes

the alternator voltage to rise to a point above that
which it would reach if the speed had remained constant,
by a value which is proportional to the difference in
Specds. This is quite evident from & consideration of
the fundamental generator equation L = § 7 u 158: The

voltage E and E' generated at the speeds n and n'

respectively are in the proportion E: ' = N: N' and their

difference is in the proportion iL'-s:= n'-n: n. Assun-
ing that the motor has a speed regulatidn of five per cent
the generated voltage k' will be five »ner cent greater
than the voltage L. Now the specd of the motor can be
reduced to the speed n by an adjustment of field current
but the voltage E' will not be reduced thereby to the
voltage E on account of the hysteresis in the iron
comprising the magnetic circuit of the alternator. The
error introduced by this method of driving will depend
upon the speed regulation of the motor and upon the
quality and degree of saturation of the iron magnetic

path of the alternator. lleedless to say this error

oo



can be entirely overcome by driving from a constant speed
motor; on the other hand the error will be increased if
the alternator is driven by an induction motor. A

second error is introduced if the power-factor of the load
departs even a slight amount from unity. In order to
make it plain that even a very slight deviation from
unity power-factor introduces a large error it is neces-
sary to demonstrate that the quadrature component of the
current has a greater influence on the regulation than the
active component. This may be shown by an analysis of
the equation for finding the regulation of a transformer.
The transformer equation is tsken instead of a similar
equation which might be developed for an alternator
because it is much Simpier, no modification being neces-
sary to account for variations due to rotating parts,
varying air-gsp , etc. 1his equation is given in

section 002 staundardizztion rules as follows: Hor induc-
tive loads of power-factor m and reactive factgr iy

(mq_- ndq._,)
P~r cent regulation = mgq 4+ ng + *x o
rtox 200

where q = per cent resistance drop
and 0£= per cent reactance drop.
Por our purpose the last term can be neglected for it is
small compared Wifh the other two. Since the reactive

drop 4y is severel times as great as the resistance

drop q , a variation in the cuantity n will produce a
7



much gre-ter error in the result than a veriation in the
guantity m. Taking this into consideration and referring
to the following table, it is quite evident why a small
devietion of the power-factor from unity makes such a
difference in the regulation.

Power-Factor (m) C.995 0,99 0.98 0,90 0.20 0.10
Reactive-Factor (n) 0.10 0«14 Ue20 04435 0,98 0,99

On the other hand a considerable deviation from zero
makes practically no difference.  This point will be
referred to later. It is usual to assume that the cur-
rent taken by a water-barrel is in phase with the volt-
age but this is not strictly the case. The water

barrel has a slight electrostatic capacity which causes it
to draw a leading current. Since a piece of electricel
apparatus will have a better regulation on a leading cur-
rent than on one which is in phase, as a rule the water-
barrel-load test of an alfernator will give a result which
is optimistic.

It may be argued that the error in voltage which is
caused by a deviation from rated speed or unity power-
factor is quite insignificant. It is true that the sbso-
lute velue of the error is generally small but it must be
remember:d that in regulation we sre dealing with a differ-
ence between two numbers which is small in comparison with
the numbers themselves. This being the case the percentage

error in the difference due to a slight error in one or



both the voltageswill be large. cortunutely the two
errors just cited are to some extent compensating. rhe
former tends to give a poorsr regulation while the latter
tends to give a better regulation than the correct wvalue.

L have gone to considerable length to point out some
of the difficulties and errors encountered in the experi-
mental determination of regulation by a load test at
ity power-factor. we shall now consider some other
methods for determining regulation.: |

These necessitate the running of two curves; namely,

the no-load saturation curve and the short-circuit curve,
or instead of the lattvter the syncaronous impedance curve.
sy means of vector guantities which may be obtained from
these curves the regulation may be calculated in two
different ways. rhese two methods have received the
names e.m.f. (pessimistic) method and m.m.f. (optimistic)
method. With the type of alternator in use at the time
it was introduced, the pessimistic method gave a very
good result; but with the modern machine it gives a
regulation usually far in excess of the true value.
Hence its name. +he m.m.f. method is the one which was
adopted by the Ae I+ e Eo in 1902 and has been recommend-
ed by it until the adoption of the 1915 rules. +his
method while with mostbmodern mechines giving results
guile close to the trve value, is only on approximation.

it was pointed out by b. .. sehrend in a paper



published in vol. 21 Trensactions of A. I. L. E. that the
m.msf. method neglected the self-inductive effect of the
local armature fields. In order to taske this effect into
account by a test method it becomes necessary to obtain

a full-load saturation curve at a power-factor approach-
ing closely to zero. +his solution was the one advocat-
ed by Mr. BSehrend at that time and is the one which has
been adopted by the lnstitute Standerdizoction Committee.
It is contained in section 296 of the Standardization
Rules as follows: "This consists in computing the
regulation from experimental data of the open-circuit
seturation curve and the zero power-factor saturation
CUrve. The latter curve, or one approximating very
closely to it, can be obtained by running the generator
with over excited field on a load of idle-running under-
excited synchronous motors. The power-factor under

these conditions is very low and the load=-saturation curve
approximates very closely the zero power-factor saturation
curve. +rom this curve and the open-circuit curve, pointe
for the load saturation curve for any power factor can

be obtained by means of vector diagrams.” T'his method
sets aside all theories as to the effect of the react-
ance drop and substitutes in their place experimentally
ascertzined data from which the regulation at any
power-factor can be accurately calculated by means of

vectors.



5y this method of loading recoumended it is possible
on small machines to obtain a powcr-factor of from 20 to
305%. nemembering thet it is the reactive-factor which h
has the greater effect upon regulation and agein refer-
ring to the table of power-factors and reactive-factors,
one will readily see why a load-saturation curve at'a
power-factor around 20% is & very close approximation to
the zero power-factor curve. I shall later point out
a method whereby it is quite possible to obtain a power-
factor much lower than is possible by this method of
loading.

Having considered thus briefly the four methods of
determining regulation let us turn our attention to the
experimental side of the questibn.

L'he machines available in the‘laboratory sre four
in number; two of these are revolving field alternators,
the others are synchronous converters. The make,
rating, and method of driving these machines can be
reedily ascertained by reference to the accompanying

table.



llame

Central

Laboratory
Alternator

" "

westing=-
house
Converter

Holtzer-
Cabot
Synch.
Motor

General
Blectric
split-
role
Converter

Rating
or
HTunmber

7T¢eb Kw
7.5 Kw

7.5 Kw
629991

7.5 Kw
130298

695707

Connected

S=-phase Y

S=-phase A

d"c'
armature

Y\

d-c.
armature

90-125 d-c.

50 A

Liotor Drive

shunt

Shunt

shunt

shunt

induction



The Central Laboratory Alternator has its leads
brought out to a terminal board so that it can be con-
nected either Y or delta. This mekes it possitle to
run five series of tests on the four machines available.

The tests run on each machine are as follows:

1. Regulation tests by direct loading #t unity
power-factor.

2. No=load saturation test.

5o Short-circuit test,

4. Full-load saturation test at power-factor less
- than 20%.
The data obtained from these tests were plotted on
coordinate paper and smooth curves drawn through the
points thus averaging errors in reading the instruments.
Prom the no-load saturation curves and the short-circuit
curves the regulstion at unity power-factor for various
loads wes calculated by both the e.m.f. and m.m.f.
methods. These values were plotted for the various
machines, and curves drawn through the points in order
to average small errors in calculation. The full-losad
satureation and no-load saturation curves for each
machine were plotted on the same sheet and from these
two curves the saturation curve at unity power-factor
was calculated by means of vector quantities. Erom
this latter curve the reguletion at full load and

unity power-factor was ohtained. The armature
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resistance of each machine was measured at room temperature
by means of a portable wheatstone bridge. The resistence
calculeted for a teuperature of 7500 is the one used in

all calculations. Since in obtaining the reguletion

by the direct method of loading the armsture conductors

did not attein & temperature of 7500, this test will be
slightly optimistic as compared with the others. The
regulation at full load and unity power-factor obtained

by means of these various methods are tabulaeted in the

accompanying table.

Hanufacturer:Connection:Direct Load:m.m.f. Rule 296:e.m.f.:

.

Central ; ; ; 3 ' :
Laboratory Y < 38 : 40.W ¢+ 41.2 :82
" "o delta 40 . 41.7 : 43,  :53 ’
Westinghouse: : : 8.95 : 8.50: 8;70 :13.30
Holtzer-: : ; ; ;
Cabot : : 7.80 : 7.30: 7:00 :15.95
General : : : 9.2 : 10:0 :20.6
Electric s s : : :

in the cases of the two machines with low reactance,
the Holtzer-Cabot motor and the iiestinghouse converter,
attention is called to the close agreement of the results
obtained by the m.m.f. method and by rule 296. In this
connection we may point to section 297 of the standerdiza-
tion in which a method is given for obtaining the zero
power-factor saturatibn curve from the open circuit and
short circuit characteristics of the machine in question by

reference to tests at zero power-factor on other machines
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of similer magnetic'circwit. Yhis ie done by shifting
the open=-circuit saturation curve to the right by an
anount equal to the number of ampere turns necessary to
send rated current through the armature at short circuit.
In high speed machines having low reactance and a low
degree of saturation in the magnetic circuit the zero
power-factor curve will be quite close to this curve.
T'his is the theory upon which the mem.f. method is besed
and in the case of the two alternators just cited the
experimental results are in agreement with this theory.
With machines having high reactance, high saturations
and high magnetic leakage, the zero pover-factor curve
will fall velow this curve. Phis is evidenced by the
case of the Central Laboratory Alternator in which the
regulation as calculated by rule 296 is considerably
greater than that obtained by the m.m.f. method.

In running the tests on the various machines some
difficulty was at first encountered in obtaining the
zero power-factor saturation curve. In the case of
the machines first experimented on, the iViestinghouse
converter was used as a load. It was synchronized
from the d-c.side, a&ftecr which the d-c. circuit was
opened. With a very much under-excited field on the
motor it was difficult to obtain a power-factor of less

than 30;.. Trouble was also encountered in keeping the



machines in step. Several expedients were tried to lower
the power-factor. The first wes to supply energy to

the converter from the d-c. side. This method was un-
satisfactory vecause a chanye in the converter field not
only changed the torque but also the a-c. voltage. &
load of idle-running induction motors was next tried.

This method of loading was successful in that a low
power-factor was procured, but the number of induction
motors necessary to obtain full ampere load was an
undesirable feature. The synchronous converter was

again resorted to for a load but instead of attempting

to supply energy from the d-c.side of the converter it

was driven by a shunt motor. By a careful adjustment of
the shunt motor field it wes made to supply the energy
losses in the converter, thus reducing the power-factor to
& value very nearly zero.

The published papers do not apply the vector solution
outlined in section 296 to the solution of the regulation
of an alternator drawing a leading current. In order
to check this method a test was run on the G. E. Double
Current Generator to obtain the saturation curve at
zero power-factor lesding. The results thus obtzined
are compared with the calculated results in the follow-
ing tavle and the curves obtained by these two methods

/7
are shown on curve sheet D.

- @



PIELD CURRENT VOLTAG:. DROP REGULATION

by exp. Dby calc. by exp. by calc.

2 27.8 31.6 wded S6.4
2.5 24.6 £+ 8 28.0 00.0
3445 20.6 21.9 21l+6 2c47
4. 19,0 20.1 19.3 20.2

The curve obtained by experiment falls a little below the
calculated curve, thﬁé making the regulation obtained
from the experimental determinstion at leading power-
factor of zero a little less than that calculated from
the saturation curve at a lagging power-factor of zero.
However, nd very definite conclusions can be drawn for
this condition until tests.have been made on more machines.
This consideration of regulation on a high conden-
sive load has led to a study of sone of the conditions
at first encountered in the operation of the Big Creek
Transmission Line of the Pacifie Light and Power Corpora-
tion. PYower is supplied to this line at 150 Kilovolts
from two generating stations. One of the stations con-
tains two 17500 Kva. Westinghouse elternators; the other
two General Llectric alternators of the same roting.
The line is 241 miles long and has a capacity of 35.415
micrafarads, an inductance of 528 millihenrys and a
resistance of J56.1 ohms. with a voltage of 150,000
at the generator end the charging current is 98.38
amperes. The complex expression of this current is

.6684 4+ 98.58 j. As is seen by this expression the

’
—bo e



reactive compcnent is very learge. In conseqguence the
voltage of the generator supplying this current will be
boosted very high. In practise this is the case. with
one generator charging the line it is necessary to excite
the field in a reverse direction in order to keep the
voltage within safe limits. with one General Klectric
alternator charging the line and with no exciting current in
the field windings and with the line open circuited at
the receiver end, the voltage at the generator rises to

a value of 7,000;.with one Westinghouse alternator the
voltage rises to a value of 9,000 volts at the generator
which corresponds to 205,000 volts between lines. The
normal generator voltage is 6600. The writer is
indebted to Mr. Woodbury's paper entitled”150,000-Volt
Transmission System: published in the Sept. 1914
Proceedings of the A. I. L. E. for these values.

The operation of an alternator supplying charging
current to a long transmission line is similar in many
respects to the regular operation of a series generator.
On curve sheet H are plotted the external characteristic
curve of a 7.5 Kw. series generator, and the yoltage-
current curves corresponding to a total resistance of
1,1.5,2,5,4,5, and 6 ohms respectively. These curves
show that, while with a line resistance of & onhms the
voltage builds up to 2 value of 60, with 4 ohms resist-

ance the limiting voltage is 17. In other words the



erist

Charact

E

“éo
Am

s

=oE ine




1 4
o )

curves show thst there is a certain critical line
resistance above which the gernerator voltage will not
build up, but that if this resistance is decreased the
voltage will build up and, if it were not for the
saturstion of the iron, it would coantinue to build up
indefinitely.

+he same method of reasoning may be applied to an
alternator operating without field excitation and supply-
ing charging current to a long transmission line. on
curve-sheet H is also shown & charscteristic curve of an
6475 Kw‘alternator operating without any direct current
excitation, and the voltage-current characteristics of a
number-of circuits heving capacities of 2,000 nf.,
4,00C mf., etc. respectively. ihe curve shown is that
of the General Llectric Double Current uenerator
#695,701 and was obtained by approximation after a core-
'ful study of the four charscteristic curves of this
machine already procured. i'he conditions pictured
in this figure are in all respects analogous to those
previously set forth for the series generator and the
conclusions drawn sre the same for both caces.

Referring to these curves we may now explain some
of the conditions encountered on the Big Creek Line.
It is found that with half the length of line connected,
the voltage will not build up without field excitation.

From the curves on curve sheet H we see that with a



line capacity of 12,000 af., tne voltage will attain a
velue of 90 while with half this capacity the pressure
rise stops at a value of 20 volls and in order to build
it up higher some field excitation will be necessary.
Then again, with two alternators charging the line the
voltage does not rise to the excessive value which it
reaches when one alternator charges the line. This is
for the reason that, since the line current flows
through the two machines in parallel, the flux which
is formed by this current is divided between the two
machines, and consequently the voltage will not rise to
a value as high as it d4id with but one machine charging
the line.

what has gone before shows that the External
Cheracteristic is of great importance in the case of
alternators built to supoly energy to be transmitted
through long lines with considcrable electrostatic
capacity. A careful consideration of this working
characteristic by the manufacturer would prevent an
occurence like the one encountered in the Big Creek
development in which, in spite of guarantees, a
voltage of 9,000 is reached when the alternators of
one menufacturer charge the line unless a provision is
made for reversing the excitation.

An attempt was made in the laboratory to make a
further study of the Extefnal Characteristic. This curve

was obtained for the Central Laboratory Alternator. The



Holtzer-Calbiot motor running with strongly over-excited
field supplicd the loaud. Ilo field excitation was used on
the alternator. Under these conditions the excitation
is.supplied entirely by the motor. mais condition-
approximates closely the one op"ained when a generator
supplies charging current to a transmission line. ihe
field of the Holtzer-Cabot motor was varied, and readings
taken of generator voltage and line current. Curve sheet
I shows the results. A saturation point has not been
reached at the highest point on the curve but it was
impossible to carry the current any higher for fear of
overheating.

It has been the desire of the writer to make a test
on the generators at Big Creek, but this has not been
done as yet. nowever, through the courtesy of Professor
Sorensen the short-circuit and open-circuit charascter-
istics of both the Westinghouse and weneral RElectric
alternators have been procured and from these approxims-~

tions of the exlternal charecteristic curves without

field excitétion for the alternstors of both manufacturers'

have been made. +his was done by assuming that for a
leading power-factor of zero the lozd saturation curve
corresponding to any given current is formed by shift-
ing the no-load saturation curve to the left by an amount

equal to the number of ampere turns necessary to send

4 0
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rsted current through the arm&ture'at short circuit. A
number of currents were taken and the saturation curves
at zero power-factor corresponding to these currents were
l1a2id off. The values of voltage where these curves
crossed the vertical axis were plotted as ordinates
agalinst the corresponding line currents as abscissas and
curves drawn through these points. Lhese curves to-
gethor with the Big Creek Line Characteristic are to be
found on Curve sheet J._ WWhile these curves neglect the
boosting effect of the transformers and the magnetic
leakage in the alfernators themselves, they show with a
fair degree of accuracy the comparative values of the
limiting voltages which the machines will generate when
connected to the Big Creck line. The Eoosting effect of
the transformers and the magnetic leakage, however,

will cause the voltage to rise much higher than the
values shown by these curves.

By a careful consideration of the method just
outlined it will be quite evident that the load satura-
tion curve of that machine having the higher reactance
will be shifted further to the left than the saturation
curve of the other machine, and in consequence the
voltage which corresponds to zero field excitation will
be higher in this machine than in the other. It is
for this'reason that, for line currents within the range
of values plotted on curve sheet J. the voltages of the

Westinghouse alternator are higher than the voltages of



yative 2.
;




whe wenerzal .lectric alternutor. 1t will Dbe noticed,
howzver, that the westinghouse alternator is reaching a
sa.uration point more rapidly than the weneral .lectric
Alternator and, had the transmission line been a little
longer, conditions might have been reversed; thst is,
the voltage might have risen higher with the venersal
tlectric alternator charging the line than with the
sestinghouse alternator charging it. After saturation
is once reached, however, a cqnsiderable increase in
the length of line will cause the voltage to rise only
& trifle higher. |

In conclusion, the rise in voltage inherent in the
two alternators under consideration when separately

charging the pig Creek Line might have been entirely

prevented by designing them with lower reactance, or the

rise in voltage might have been arrested at a lower
value either by designing with lower reactance or
by designing the magnetic circuit to have a higher

saturation.
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.:achine Connected ‘erninal Ilesistance “em». Ies. at

"u7C per
Central
Laboratory
[}

1

. 104 24 phace
. 104 24

o
i

5
Lo
9 5
Alternator ; 84' -1E .165 24 © J19%
Aeid g ! 1-2 .059
Cahot 1-3 « 059 24 ¢ .0354
Synchs 2-3 . 059
Liotor 3 2 . ‘
Jesting- . 1-5 _ .058
Rotary 5-6 «058
Converter b s
General [ 1-3 . 049
Electric 1-5 . 049
Split- - ST . 049 22 ¢ .,088
pole .1 3

Converter



7.5 kw. Central Laboratory wenerator
3 phase-~delta connected--60 cycles

lio=-l.oad Saturation Curve

If B f
60
«45 42
1
.50 47
+«bb 51
n
.60 _ 555
"
«65 60.5
‘ "
.70 64.7
1"
+ 15 70,
"
.80 74,2
mn
« 85 40 P
«90 84,2
"
«95 89.
1.00 93.8
1.11 103.
1
1.20 110.5 _
131 119.5

1.42 128.



i e

7.5 Xwe Central Laboratory wenerator
3 phase--delta connected--60 cycles

llo=Loau Saturation Curve

&4 L T
1.50 134.8 60
1.63 142.2
1.70 148 "
1.82‘ 154 .
1.92 169 "
2,00 163 R
210 164.5 v
2.20 167.5 n
2430 170.5 !
2440 173.5 4
250 177 ”
2.60 179.5 "
2.70 181 2

2.80 183.5 "



7.5 kw. ventral Laborstory Alternator
5 phase--delta connected--60 cycles

Ihree-rhase short vircuit cvurrent

Ls 1 I
a 30.0
3% 9.80
40,0
W45 12.85
45,0
.48 14,20
56.3
.60 17.90
6545
.70 20.1
75.5
.80 23.5
85.0
.90 27.0
94,0
1.0 29,7
102.0
1.1 3243
110.5
102 55.0
118
1.3 37 .8
. 127
1.4 40.8
136
1.5 44,0
141
1.6 47,0



Cent

ral

Lahoretory alternator

3 phase--delta connected--60 cycles

Full-Load caturation vurve at Zero rower-rsactor

Poil

1D
15
20
21

0
22
17
25
22
22
23

ifull-Load »aturation curve

159
108
137
124
144
120
130
148

94

Iie

65.5

- 57

b
1

70
68
73
09.5
18

102

1. Le £
39.4 1.95 60
" 1.94 "
" 2.03 "
" 2.10 "
" 1.98 "
" 2,15 "
" 2,18 "
" £.20 "
" 2.62 "
n 8.5 "
n 2.50 "

at zero rower~ractor Leading

110 volts~-=r-ne--- 7.5 Kw
X i £
9.6 .6 60
39.4 0 59.5
39.4 S 60
. .18 59.5
" o4 60
& 11 "
g «25 =
" <46 "
~wdL =



ventral Liboretory ..lternator

3 phase--delta connected--60 cyeles

110 volts

—————— 705 KW

~ractional-noad caturation cvurves

A i
132 30
128.5 "
123 "
1195 %
110 "

80 "
100 20
93 t
81 "
88 "
66 n
84 n
725 b
65 "
B85 "

)
43
31
58
.18
¢35
23
e 17
ol&

-4
60

it
"
n
"

"

60

"

"
"

"



Iunning as

no field excitation.

Central Lanoratory ‘lternator

7.5 Tw--110 vult--60 cycles

3 phese

segulation: -

i

0.0
10.0
47«1
24&.2
30.3
3542
40.0
45.3
51.8

'/_A

8

full load
0.00
25.4
4545
61.5
7.0
84.4

101.0

114.0

132

-=delta counnected

Direct Kethod

110
111
109
108
110
108 .
109
109
110

116
121
128
140

166

20
30
oS

External Characteristic Curve

generator taking leading current with

This curve is

External Characteristic of a Series Dynamo.

P

I'e

22

n

11

"W

”

£

60

i

"

575
55.5

55

A
168
1656
161
160
1568
1563

144

similar toc the



Central Laborastory Alternctor

7.5 Zw--110 volt-=-60 cycles

5 phascs--delta connectcd

Bxternal Characteristic Curve

P. B‘. f

22
22
28
22
22
22
23
23
23
24
24
24
24
24

7

Ty
Py

40
65
82
a9

60

i

&'
2645
25+5

2563

75
73
70.5
68
66
61
59

5 “w. Central Laboratory Alternator.

3 phases=--Y connected--60 cycles

No-Load

Le

«25

“aturation

60

oy

n

Curve



7.5 - Cent—21l Laboratory iltcrnator
3 phase --Y connected--60 cycles

I0=-Load Saturation (urve

B Ip £
116 0 60
132 .80 "
149 .90 "
164 1.00 n
202 1.26 A
236 1.50 "
266 . 1.75 ¢
285 850 -
290 2.06 .
300 2.20 "
306 2.40 )
311 2.50 w
314 2.60 "
319 2,70 s

Three=-Phase Short=Circuit Current

I- La B 13
.25 442 40 - 60
.50 8.6 82
.60 10.1 98 "
75 12.85 122 n
.90 15,3 148 "

1.00 =1 5 165 "



1
1.20
1.25
1.30
1428
1.40
1.50
1.55
1.61
1.71

1.82

T/ . {

1.15
1.25
1.40
1.50
1.59

Te

regulation: - Direct iiethod

I
0.0
9.0

10.i
i2.1
13.8
16.4
18.3
20.3
2246

24.9

Ia

19.5
20,51
25.8
25,0

26.5

3 phase--1 connected

% full load

0.0
59.8
4448
53.3
60.7
725
80.5
89.3

100
110

B
185
201

220

246

L

o
182

102
191
191
192
191

i)

206
209
216

235
242
254
264
274

kw~-60 cycles--191 volts

3 phase --Y connected--60 cycles

three-rhage Short Circuit Current

T
60
"

n
n

"

“w. Central Laboratory Alternator

'Et‘ﬂo Ei"i&o xloo

Lo

1647
2540
26’6

53.0

£345



7TeH kWe ventral Laboratory Alternator
3 phase--1 connected-60 cycles--2Z2.4 amperes

rull-Load Saturation Curve at zero rower-ractor Lagging

Pz Fa N - I 5 4 Ir

18 160 224 60 2.3

1.9 153 L i 2420

21 © 145 n " 2.2

22 1356 " B 2.1

17.5 172 L i 2.4

17 183 " " 2.5

16 200 " L 2.6

22 140 " " 2.16

20 150 L L 2e24

18 171 L ¥ 2.59

17 185 " B 245

16 201 " & 2e6

L8- 118 " " 2408 +he follow=-
17 188 " " 2.08.ing points

L5, 188 " - 2.11 obtained with

12,5 132 " " 2.15 g load of

) 140 " " 2.2l induction

16 115 " & 2.0l motors run-

17 109 H " 2.00 ning light.



7.5 «w Central Laboratory ..iternator
3 phase--1 connected~-60 cycles--22.4 amperes

rull-Load saturation vurve at Zero rower-sactor Lag:iing

Fe 2e L 1 f if

19 108 22.4 60 1.99
25 98 " L 1.93
30 90 " " 1.88
52 82 " " 1.85
54 63 moo 1.68
47 69 moo 1.73
38 76 " " 1.79

Holtzer-vabot u-u, motor
‘ype U P Size 20 @210
110 volts--48 amperes=--50 cycles
1000 s+ Po lie=--3 phase--no. 130,298

lo-Load vSaturation Curve

B Ie £
30 1.9% 50
40 1.57 "
46 1.80 n
50 1.99 "
54 £.18 "
62 Re49 "
6545 2.68 "
71 £2.96 "

76 3.15 e



101t zei~Cabot a=C, liotor
vype O P size 20 @ 10
110 volts--48 amperes--50 cycles
1000 e Pe ile=~=-3 phase--io. 130,298

no=-Load waturation curve

i) If f
81 3.38 50
86 .64 "
90 5484 "
9545 4,15 3
101 444 i
105 4.72 "
109 5.02 "
117.5 b.61 "
120.5 5489 "
125 6eb "
128. 7.0 "
232.5 7.6 ¢
135 8.01 I~

137 8.46 "



poltzer-Cibot

e Us LioGoOT

Ltype 0 P sige 20 210

110 volts--48 amperes--50 cycles

1000 Re .Eo }.1.--5 ph&SO “=1i0e 150,2\;8

lr

1

a
1.07
1.57
1.91 43 43
21l 46 46
2.31 51 51
2«71 60 60
5.01 6645 67
3.20 TL 71
3.76 83 83
4,26 95 93
4,90 108 108
sull-Loat saturation
Es s Be X
10 48 48
22 62 W
15 71.5 i
19 81 n
18 87.5 n
0 91.7 "
22 98..28 L

O Qab

N
O

43 50
46 54.5
51 60
60 68
66.5 76
71 80
83 92
93 100

108 110
Curve at
1r
4.07
4,64
5,07
5.54

« 20

(e}

Ch
3

(!
@

6.15

i
50

"
"
n
"
n"n
"
"
1"
"

n

4ero Power-pactor
£
50

"

n

n

n

n

14



50

1
1"

n

i

noltzer-cvabot =ae Lo sOGOT
vype U P Size 20 #2110
110 volts--48 amperes--50 cycles

100 n. re [e=-3 phase--u. 130,298

Pe e Lie 1 I i
0 . 102.5 48 6,86 50
0] 104.5 H Tall n
0 1055 " .22 "
0 106.5 o w89 n
0 108 " 7.49 "

Regulation: - birect nethod

Te 4 pfull load By = Bisho Bivd) g

bHeO 20 41,7 110 1l1l1l.86 1.6 —ng_;.56
Ve 81.3 65.2 B 114.7  =u 4.19
5f4 38 32 " 115.5 5.5 5.01
5.6 47 98.0 " 117.5 7.5 0e82



~0-Loud aturation Curve
westinghouse* Rotary Converter Ho. 629991

7.5 Zw. 125 d-c,volts 60 d-c.amperes.

60 cycles 1800 R. P. i,
B I £
30 .57 60
37 T4 60
43.5 .87 "
48 1.01 n
50.5 1.04 n
54 1.14 "
57.5 1.24 "
68.2 1.54 "
5.5 1.74 n
81.5 1.95 "
87 £.16 "
95.5 2.57 "
101 2.89 n
107 3.30 n

Three-Phsce Short-Circuit Current

Te I 5
.62 6545 U 60
.84 72 40 60

1.04 90 50 60



£

westinghouse Rotary Converter No 629991

7eb Kw

60 cycles

125 d-c. volts

1800 He Lo I:Io

60 d-c. amp.

sull-Load sSaturation Curve at Zero Power-ractor

£

Ig

60 11.7

"

n

"

"

n

n

La%

1.72
1.80
1.89
1.90
1.95
2.00

. B B I 1.
5645
0 735 5645 2.44
0 79 o 2.64
0 82.5 i 2.84
0 87 " 3.04
20 89.5 . 3.18
0 o " 3449
20 99.5 55.7 3.74
00 101 56.8 3.84
0 105 5645 4.19
Regulation:- Direct Method
i % full load EO E‘ Ev=-E
10.0 18.0 76.6 775 «9
15.0 27.0 8 "™M.8 1l.2
20.0 36.1 o 78.6 2.0
31.1 56.3 " 80.0 3.4
37 66.7 " 8l.B 4.7
48 86.6 " 82,5 5.7
57.5 103.6 - 83.5 6.9
66 119 " 85.2 8.6

£

11.20

QO



sener

15
17
20
25
30
35
43
55
60
65
70
75
80
90
90

&
~3

al rlectric Double Current uvererator 695701
Y'ype Y C Class 4--64--1500
borm P Speed 1500
Continuous Current Amperes 75 Volts 90/125
Alternating Current Cycles 50

No-Load Saturation Curve

E If, 3
«5 0.27 51
) 037 -
0.46 "

1.66 "

o5 0.86 "
o5 1.06 "
1.36 "

1.99 "

2.28 i

2.66 "

%) 3.11 "
3458 "

| 4.01 "

5.46 "

5.99 "



Yeneral .lectric Double Current Generator #695701
J7pe Y C Class 4--¢.=--1500
sorm P Speed 1500
Continuous Current Amperes 75 Volts 90/125
Alternating Current cycles 50

Three=-Phase Short Circuit Curve

E Ip i I, Ig B
15 «28 b0.6 28 22 20
21 46 25
25456 +70 41
30 « 806 50.5 b2.5 51 50
37 1.14 62.5
45 1.46 50.5 80.5 80 79
50,56 1.7« 91

Full-Load Saturation Curve at Zero Power-iactor Lagging

Pe e B I If ci
27 . 647 70.7 4.06 50
10 67 i 4,86 50
05 69 " 5.06 50.5
10 71 H 5.54 50
10 63 " 4.56 50.5
10 5545 & d.01 50.8
20 5545 " o bU.b
15 57 L 5.81 50.5

18 60 L 4.09 50.5



General ilectric Double Current Generutor ;695701
Type ¥ C Cla s «-= 64=--150U
¥Form P Speed 1500
Continuous Current Amperes 75 Volts 90/125
Alternating Current Cycles 50

fall-Load Saturation Curve zt Zero Power-Factor Lagging

r. P. 1 I Ie £
15 61.7 70.7  4.26 50.5
32 39 " 2.71 50.5
05 49.5 " 3.29 51
15 40 " 2.71 51
15 44 " %496 50.5

FTull-Load Saturation Curve at Z ro Power-Factor Leading

Leading
Py T B I Ly f
10 74.5 R0 ¥ 1.44 50
10 71 L 1.29 "
10 67.5 " 1.06 "
10 66 " 0.90 "
10 6245 " 0.70 "
0 5845 i 0.62 "
0 56.7 w 0.51 "
0 54 " 0.40 "
0 50 " 0,32 "



Genecral Llectric.Double Current Generator /695701
Type Y C Class 4--62--1500
form P Speed 1500
Continuous Current imperes 75 Volts 90/125
Alternating Current Cycles 50

Pull-Load Saturation Curve at Zero Power-Factor Leading

leading
P.F E I If f
10 80 T ¥ 1.78 5C
10 81.5 a 1.94 "
B 84 . .12 n
10 96.3 n 3.60 "
10 98.5 " 4.00 "
10 101 " 4,45 "
Central Laboratory Alternator
7.5 Kw 110 volts 9.4 amperes
60 cycles 5- phese delta connected

Calculation of Regulation at Unity Power-Factor

e.m.f. method .2 s 8
I X1 _RI _EfRI XTI . E¥RI. B _in Ev B % reg 3 load
15 47 1.70 111.5 2209 12450 14640 121.0 11.0 10. 38.1

20 63 8. 112.5 0630 12650 16520 127.9 17.9 16.25 0018

av]
-3

25 178

i\“
L ]

&
N

113.0 o0x00 12770 18970 137.8 27.8 2£.22 63.5

50 95 3 113.5 9025 12900.21925 148.0 38.0 34.60 76.2

S
L]
i

©

0b 110

114.0 12100 1,000 25100 158.5 48.5 44.1 89,0

40 124 114.5 15625 13150 28775 170.0 60,0 54.5 1ULl.6

(2 B N O
L ]
e
(e

45 137 5.12 115 18800 13225 320256 179 69 62.7 114



Central Lahoratory Alt -rnator
7.5 Zw 110 volts oY.4 amperes
60 cyecles S-phase delta connectcd
Calculation of Regulation at Unity Power-ractor

meme.f. method
S S i"r i1 i, B, Er1-5 % reg % load
16 18l .50 1«46 250 1,71 1,81 119.5 8.6 B.658 3I8.1
20 122 .68 1l.49 4462 1.95 1.40 126.6 16.5 15 50.8

25 123 .84 1.51 L,706 2.22 1.49 133.5 29.5 21l.4 6345

30 124 1.02 1.54 1.04 2.58 1.61 142 52 29.1 162
o5 124 1.19 1l.54 1.42 2.96 1l.72 149 39 35.5 89.0
40 125 1.37 1.00 1.88 3J.44 1.86 156.7 46.7 42.5 10d1.6

45 1256 1.54 1.59 2.07 5.56 1.99 162.8 b2.8 48.1 114
Calculated Regulation at Unity rower-ractor
194 volts 22.4 amperes Y connected
m.m.f. me?hod 2 s v
g f§8 1??1 .87g 1?4§ 1%52 1?54 2%6 Eg—EJ?iregz?éload
10 58 1.82 326 1.49 1.83 1.35 215 21 10.8 44.8
15 .88 l.284 773 1l.54 2,31 1.52 238 44 22.7 67.2
20 1.18 1.86 1.89 1.58 2.97 1.72 262 68 35 89.5

25 1,80 1,27 2.20 1l.61 3,86 1.97 283 89 45.8 112



Calculated Zegulation
Central Labor:
7.5 Kw. 194
60 cycles 3-phs
e.mesfse method
I XI RI E+RI X1
0 194
5 45 1.71 196 2082
10 96 3.42 197.56 921
15 146 5.13 201. 2131
20 191 6.34 202.5 3648
25 236 8.55 204.5 5569
Holtzer-Cabo
110 volts 48
Calculetion of R

e.m.f. method

I XI RI E#RI XI

at Unity Povsr-sactor
tory Albermator

“4- £ b e I
voltis 2.4 amperes

e Y connected

+RI iU E. E Ejreg load

5 38416 40441 202.1 8.1 4.17 22.4

6 39000 48216 £19.6 2b.6 13.20 44.8

6 40400 61716 248.4 b54&.4 23.00 67.2

1 41000 77481 278.4 84.4 43.50 89.5

6 41800 97496 312.2 118.2 61.00 11z

t a-c. Motor 130298

amperes 50 cycles 3-phase

egulation at Unity Power-ractor

2 2
EtRI E, I, Ey=L Y%rege.
12200 12300 111 1 « 1

10 11 «6 110.6 121
20 22.56 1.2 111.2 506
30 3b 1.8 111.8 1220
40 45,5 2,5 112.E 2060

12400 12900 113.7 3.7 3.36
12500 13700 117.0 7.0 6.36
12600 14600 120.9 10.9 9.90

50 58 3.1 113.1 3360 12800 16100 127.0 17.0 15.45

wload

41.7

N



Caolculation of rnegulation &t Unity rower-Fac:or
Holtzer-cabot a-c. Liotor 180298
110 volts 48 smpercs. 50 cycles d-phase
me.m.f. method

Ii, g 47, 4 i, i E:+ B -k % reg. j load
10 b.l 48 26.0 +2 26.8 5.ié 11l 1.0 491 20.8
.80 BJlE 90 26,5 .8 B%.3 B5.B% 118.8 8.8 B.00 41.7
30 5.20 1.40 26.9 2.0 28.9 5.38 114 4.0 3.64 62.6
40 B.856 1.80 B%.h 8.2 BO.7 5.5656 1186 6.0 5,45 83.5
50 56,30 2,30 28.0 5.3 33.3 H5.78 118.5 8.5 7.82 104
westinghouse Rotary Converter 629991
7.5 Kw. 1256 d-c. volts 60 d-c. amperes
60 cycles 3 phase

a-c. volts 76.6 a-c. amperes 56.5

e.m.fs method

I XI RI E4rI KTZ EFETZ E.z E = E,-E % reg. % load
10 6 .6 77.2 36 5950 5986 77.4 .8 1.04 1717
20 12 1.2 77.8 144 6050 6194 78.6 2.0 £.62 35.4
30 18 1.8 78.4 323 6140 6460 80.4 3.8 4.96 55.1

40 24 2.4 79.0 573 6230 6800 82.4 5.8 7.58 70.9
50 30.5 3.0 79.6 930 6320 7250 85,1 8.5 11.1 38.6

60 35,5 3.6 80.2 1260 6420 7680 87.7 11.1 14.5 106



Calculation of Regulation at Unity Power-Factor
Jestinghouse Hotary Convertcr 6E9991
7.5 “we 186 d-c. volts 60 d-c., amperes
60 cycles 3-phase
a-C. vOolts 76.6 a-c amperes 56.5
m.m.f. methkod
I ir iX i " 3 < i ., iz E, E,-E % reg. y load
10 1.80 .12 3.23 .01 3.24 1.80 77.2 .6 .78 17.7
20 1.83 24 .34 .06 3.40 1.85 78.4 1.8 2.35 35.4
80 1.8b 36 3.4l +13 3.64 1.8B8 79:5 2.9 3.78 B3l
40 1.87 .47 3.49 .22 3.71 1.93 80.6 4.0 .22 70.9
B0 1.89 .59 3.56 .55 .91 1.98 82.]1 5.5 7.18 B8.6
60 1.91 .70 3.64 .49 4.13 2.04 83.8 7.2 9.14. 106.
Calculation of Regulation at Unity Fower-Factor
General Llectric Double Current Generator  #695701
67.8 volts 70.7 amperes.
50 cycles S=phase

e.m.f. method P o 2
(I)XI RI E+RI XTI IEfRI I+ 1 BE,-E % reg. j load

16 10 .50 68,3 100 4660 4760 69 Ls L.77 14,156

20 16 1.00 68.8 = 256 4730 4986 70.6 2 4,12

oo
e
*

N
Ch

30 21 1.49 69.29 441 4790 5231 72.4

4
40 26.5 1.99 69.79 700 4860 5560 74.6 6

2
8

te&  6.78 42.40
8 10.0 56.50
L

oG 3l 2.48 70.28 960 4940 5900 76.9 9.1 13.4 70,70
60 35 £.98 70.88 1220 5010 6230 79.0 11.2 16.5 84,30
70 40 3.48 71.28 1600 5080 6680 81.7 13.9 20.5 99.00

80 44 3.97 71.77 1930 5150 7080 84.1 16.3 2 113.0

>




Calculation of :legulation at Unity Fower-iactor
General Electric Double Current Generator ;695701
67.8 volts 70.7 amperes
50 cyecles 3=-phase
me.m.f. method )
o 2 2
1 ir iX i . i < i " : E' E,-E % reg. w load
10 2,87 .10 8.8l .01 B8.22 2.87 68.8 .5 74 14.13
20 2.90 .30 8.40 .09 8.49 2.92 69 1.2 1.77 28.26
30 2.95 .44 8.60 .24 B8.84 2.98 69.7 1.9 2.80 42,40
40 2,99 .68 8.91 .46 9.37 3.06 70.4 2.6 3.84 56.60
50 3.04 .88 9.21 .77 9.98 3.16 71.7 3.9 bH,75 70.70
60 5.09 1.07 9.53 1.14 10.67 3.27 72.9 b.1 17.52 84.80
70 3.13 1.25 9.78 1.58 11.36 3.37 74 6.2 9.15 99,00

80 3.17 1.45 10.00 2.10 12.10 3.48 75 7.2 10,60 113,00



APPENDIX

Since writing the above thesis a test has been made on the
alternators at Big Creek and in order to make the thesis more com-
plete the results of this test will now be added.

The following tests were run on the alternators at Power
House No. 1 and Power House No. 2 of the Big Creek development.

Running one alternator with no field current, but supply-
ing excitation by means of the other alternator operating as a syn-
chronous motor with over-excited field, readimgewere taken of arm-
ature current and terminal voltage. These cuantities were made to
vary by controlling the field current of the alternator which was
operating as a synchronous motor or condenser. The results of
these tests have been plotted on Curve Sheet A.

An attengpt was made to run the Zero Power Factor Saturation
Curves of the alternator at both power houses. To do this one
machine should be operated as a generator and the other as a motor
with under-excited field. By this method of loading the alternator
under test a power factor of approximately zero can be obtained.
Readings are taken of exciting current and voltage. A series of
readings may be obtained by varying the field of the motor or syn-
chronous reactor. Due to the fact, however, that the stations are
each ecuipped with but one exciter buss, it was impossible to ob-
tain the necessary high excitation of the alternator and at the
same time a low excitation of the synchronous reactor. Points were
obtained, however, by running the motor without excitation. By

this means one point was oWlained for the G. T, alternator and two
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for the Westinghouse alternator. In the case of the Westinghouse
alternator one point was obtained with the motor operating as an
induction motor and the other as a synchronous mechine. The points
thus obtained were sufficient to give a fairly accurate location
of the zero power factor curve. These curves and the No-load Sat-
uration end Short Cirsuit Curves are plotted on Curve Sheets B and
Co The method of Article 296 of the Standardization Rules was
used to calculate the regulation. The results are shown in the

aceompanying table.

Make of Alternator Regulation at Unity 4t 0,80 Power
Power Factor Factor, lageging
Westinghouse 14.4 4 24.2 %
General Electrio 12.1 % 24,2 %

No great degree of accuracy can be claimed for the value of regulation
of the Westinghouse machine at 807% power factor since not enough
points in the upper portion of the no-load saturation curve have been
obtained to locate it with precision.

On Curve Sheet A, the External Characteristic Curves
with No Field excitation for both the G. E. and Westinghouse alternators
have been plotted alohg with the current-veoltage relation of the Big
Creek Transmission Line. It was impossible to run the curve of the
Westinghouse machine %o a point where it intersects tﬂe Transmission
Line Characteristic, because to do sc would necessitate over-exciting
the synchronous condenser to a very high degree. However, this test

shows conclusively that the Westinghouse machine will build up the



voltage of the line on charging to a much higher degree than the
G. %, machine. It is also possible from these results to determine
a length of line upon which the Westinghouse generator would operate
without exceeding rated voltage when charging.

It will be interesting to compare the results obtained from
test and plotted on curve sheet A of the appendix with corresponding

values found by approximation and plotted on Curve Sheet J of the

thesis.
Line Voltage Armature Currente Kilo-amperes
Kilovolts Westinghouse @General Elestric
Test results  Approx. Test results Approx.

2. 0.54 0.53 0070 0.58
3. 0.77 0.75 0.97 0.87
4. 1.02 1.04 1.26 1.20
56 1.30 1.38 ' 1.60 1,60
6. 1.62 1.78 2.00 2.06
Te 2,02 2.25 e 2460

By means of the acoompanying table these values may readily be compared.
The accuracy with which the test values were approximated demonstrates
beyond a doubt the applicability of Section No. 297 of the Standardization
Rules to the approximation of the current-voltage relation of alternators

supplying long transmission lines.



General Blectric A. C. Generator No. 559520
A.T.B. we 16 - 17.500 Ma - 595 - 14000 Kw.

P.F. 0.8 Volts 6600 Amperes 1530.

No-Load Saturation

Field
E. I
1000 35
3000 68
3200 73
3750 88
4250 100
4600 110
5200 125
5925 150
6600 175
7000 195
7500 220
8000 260
Three~Phase Short Cirsuit
Arme. Field
I. Ts
500 35
760 56
1015 73
1200 88
1350 100
1520 110
1720 125

2000 150



Westinghouse A, C. Generator No. 1100596

17500 Kve.~-A. 6600 volts 1530 amp.

3-phase 50 cyeles 375 TeDeme

No=Load Saturation

Field
B, 1
1750 50
2450 63
3950 100
5050 130
5600 150
6600 195
7000 215
7300 250
8000 300
Three~PAase Short Circuit
Axile Field
I. Is
400 50
600 65
1030 100
1380 132
1530 150
1735 170

1935 185



Westinghouse A, C. Generator
17500 Kve=A. 6600 volts 1530 amp.

3-phase 50 cycles 375 r.p.ms

External Characteristic with No Field HExcitation.

Arme Leading

I. E. P.Fo
600 2300 .05
1000 3850 +05
1400 5350 .05
1530 5750 «05
1700 6275 «05
1760 6425 .05

Full-Load Saturation at Zero P.I's lagging.

Arm. E. Field P.F,
I. I. lagging
1550 2800 220 020

1500 5800 380 .00



General Electric A.C. Generator

AeTeBe = 16 = 17500 M. =~ 375 = 14000 XKw.

Volts 6600, amperes 1530, = 375 repo.m.

External Characteristic with No Field Excitation.

Arm.
I

775
950
1100

1250
1500

2000

2300

Full=Load Saturation at

Arme
I.

1530

E.

2300
3000
3400

3950
4750

6100

6300

zero

P.F.
0 leading
o w
0 "
o "
0 1"
o "
0 "

P.Fe lagging.

Field
I.

240

P.F.
lagging

« 075





