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PERFORMANCE OF AN ARTIFICIAL FORTY-MILE
‘ TRANSMISSION LINE.

BY WILLIAM 8. ALDRICH AND GEORGE W. REDFIELD.

The artificial duplication and test of a 4+0-mile transmission line
was carried out as far as facilities would permit in the Electrical
Engineering Laboratory of the University of Illinois during the
Spring semester of 1901. The combinations selected were such
as would cover a wide range of conditions in practice. The results
obtained represent closely those that might be expected under
commercial conditions of a similar line. The characteristics of
performance illustrate the evil effects of shifting phase displace-
ment as the chief cause of poor regulation. -

General Considerations and Requirements.—The kind of
service and requirements at the receiver end of the line involve
a consideration of the kind of load,such as synchronous motors or
converters, : mductlon motors, arc and incandescent hghts, or any
combination of these. In the design of the line the prime factors
are load, distance, voltage, frequency and allowable drop and loss.
There is usually allowed a maximum drop for the given condi-
tions.. Such an allowance depends upon the kind of service em-
ployed, the character of the load and the inherent properties of
the line, such as ohmic resistance, self-inductance, capacity, fre-
quency, line current and its phase displacement.

The character and variation of receiver loads also largely influ-
ence the line regulation, losses and efficiency. The voltage, cost
of conductors, cost of construction and maintenance and insulation
to prevent leakage deserve some share of consideration.
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840 ALDRICH AND REDFIELD ON [Aug. 22

The energy or 7*[ loss in the line, in per cent. of the full load
power delivered to the line, usually varies between 5 and 107, in
the best modern transmission installations. The charging current
and receiver wattless components of current, if any, will indirectly
vary this /222 loss according to whether they are neutralized or
not.

Effect of Reactive Loads Upon Line Efficiency.—The effects
of reactive loads upon the performance of the generator are well
understood and have been set forth in numerous experiments.
The eftfect of such loads upon the transmission is to increase the
current for the same energy transmitted over that required when

Fia. 1.—Coils for Artificial Reactances.

the current in the line is in phase with its impressed E. M. F., the
line loss increasing, as the square of the current will be much
increased with increase of phase displacement. From this con-
sideration alone it would appear that the line current should be
in phase with its .M. . for most efficient performance. Con-
sidering, however, the voltage and drop for a given amount of
power delivered, it is to be noted that conditions may arise in
practice in which an inductive line may transmit energy at a
higher efficiency than a non-inductive one.
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Conditions Assumed.—1t is desired to transmit, by three-phase
system, with step-up and step-down transformation, from 1 to 8
K. Ww.,40.75 miles, at 2,300 volts and 64 cycles, with a transmission
efficiency, between generator terminals and receiver secondary
terminals, of not less than 80%, at full and practically non-
inductive load on the receiver secondary circuit. The size and
frequency were necessarily determined by the polyphase generator
available.

No. 4 (B. & S. gauge) copper wire was selected, giving a line
loss per phase of 0.215 x. w., or about 8%, on a basis of 2.66 k. w.
output per phase from receiver secondary terminals, under normal
voltage and non-inductive load. The line constants chosen are
suited to a distance apart of the wires of 18" at the vertices of an
equilateral triangle.
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Fig. 2.—Arrangement of Artificial Line Above Switchboard.

Self-Inductance and Inductive Reactance.—The artificial in-
ductive reactance provided for each wire of the three-phase line
was an air-core coil, wound and adjusted to the proper self-induc-
tance of this line wire under the conditions assumed. Maxwell’s
bridge method® was used in standardizing these three inductances.
The accuracy of the standard inductance and resistances used
and the sensitiveness of the galvanometer warranted an accuracy
to within one-fifth of 1%. Air-core coils were selected to insure

1. Maxwell’s * Electr;:fty and Magnetisﬁl,” vol.iiii',;'p. 367.
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that such equivalent inductance of the artificial line (and there-
fore its reactance at constant frequency) would remain constant
throughout all variations of line current. These reactance coils,
Fig. 1, were each immersed in earthenware jars filled with a high
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CoNNEETIONS FOR TESTS OF 40MILE ARTIFIGIAL TRANSMISSION LINE.
Fie. 8.

grade of transformer oil and always used in this condition. While
in use they attained a temperature of approximately 70° C.,and
remained practically at this temperature during the experiment,
The resistance of each coil at this temperature was 9.0 ohms.
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Olmic Resistance—~The total ohmic resistance of each line
wire for the given conditions should be 58.4 ohms. To supply
the remaining 44.4 ohms for each line wire, three non-inductive
resistances were constructed by winding No. 17 (B. & S. gauge)
German silver wire non-inductively npon frames, as shown above
the switchboard, Fig. 2. These resistances were each adjusted by
an accurate Wheatstone bridge to the value of 44.4 ohms, at about
85° I., the temperature of the room. '

Capacity and Capacity Reactance~The artificial capacity of
the three-phase line was composed of six commercial electrostatic
condensers, two condensers each being connected in series and
thence connected in star between the three line wires. These
condensers were arranged so that the capacity between each of
the line wires and the neutral was 0.701 micro-farads. The outer
terminals of the star-connected condensers were respectively con-
nected to the middle points of the non-inductive resistances of
each line wire, Fig. 8. Such an arrangement was equivalent to
concentrating all of the capacity of the 40.75-mile transmission
line midway between the generator and receiver ends.

TABLE L

Dara oF ARTIFICIAL TRANSMISSION LINE.

Length of transmission.......oc iiiiiiiiiiiiiiieenines 40.75 miles
Diameter of conductors, No.4 B.& S..........ccvient. 0.204 inches
Area of COnAUCLOrS ..vuviieeririeiree e, 41,742 eir. mils.
Resistance permile at 75 Fooooe cviinniiin ool 1.31 ohms
Frequency, cycles per second........covveiinrieerisanrannnnanss 64

ConsTaNTS OF THE LINE COMPUTED FROM THE ABOVE DATA.

Inductance per mile of wire or § mile of transmission..0.001750 henrys

Inductive reactance per mile ol wire, 64 p.p.s........ ... 0.703 ohms
Impedance per mile of wire, 64 p. p.S.e.vviiiiiiiinen, 1.487 ohms
Impedance factor of line (impedance divided by resistance)...... 1.134
Resistance of 40.75-mile transmission line (or 81.50 miles of

Jine WIre) .o eee ittt i et eeinaaerasia e sae 106.8 ohms
Inductance of 40.75-mile transmission line (or 81.50 miles

Of 1ifle Wire) ..vvuiuiiieiion tunmenennnnrnencennns 0.1426 henrys
Inductive reactance of 40.75-mile transmission line, 64

Do D Se it tee it an i eieae eiiaaanaaa s 57.8 ohms
TImpedance of 40.75-mile transmission line, 64 p.p.s .. ..121.2 ohms
Capacity of each wire to neutral per mile of transmission

line......... et e eeseatatestaetaneaiee s arae s 0.01722 m. 1.

Capacity reactance between two wires per mile of transmis-
STon Ab B4 P. PeS. ot i 1,449,800 ohms
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Capacity of 40.75-mile transmission line considered as two

parallel eylinders......oo ciiiiniiiiiiiiiiieiin i 0.701 m. {.
Capacity reactance between two wires of 40.75-mile trans-

mission line............. Cieiessseevesiarasesnenens 355,300 ohms
Charging current per phase of 40 75-mile transmission, 64

p.p.s.and 2,800 volts.......ooiiiit heiis weiiinan 0.874 amperes
Total apparent energy to charge line, 64 p. p.s. and 2,300

VOIES. e vt . 1.49 &, w.
Total true energy to charge line, 64 p. p. s. and 2,300 volts,

or total J2R due to charging current................. 0.011 x. w.
Current per phase to transmit 8 k. w. at 2,300 volts and

unity power factor.............ooiiine teesiinneaaes 2.01 amperes

TABLE IIL

DATA OF THE ARTIFICIAL SUBSTITUTES FOR LINE CONSTANTS,

Size of wire of reactance coil for each line wire. . ..No. 18 B. & S. gauge

Inside diameter of each reactance coil...........coooiiin. 1.87 inches
Outside diameter of each reactance coil.......ovvvnuvunnn. 4.0 inches
Lengtk of each reactance coil........ ... .ol 14.25 inches
Approximate number of turns on each reactance coil...... 1,420 turns
Inductance of each reactance coil .......... ..o.iiii, 0.0718 henrys
Ohmie resistance of each reactance coil, 70°-C.............. 9.0 ohms
Resistance of non-inductive portion of each line wire...... 44.4 ohms
Total ohmic resistance of each artificial line............... 53.4 ohms
Equivalent artificial capacity per phase of each line wire to

1T V7 Y e 0.701 m. £.

Connections Used in Operation.—The reactance coils were
placed at the receiver end,all of the line reactance being assumed
as concentrated at that point. In series with each of these react-
ance cuils was placed one of the non-inductive resistances, with its
respective condensers.

The connections of apparatus and instruments for the various
experiments are shown in Fig. 3. In the experiments for
charging current and resonant rise, the switches ®r, s and T were
open.

Description of the Generator—Three-phase current was
generated from a machine made by the Westinghouse Electric
and Manufacturing Company, constructed for single and poly-
phase work, as generator, synchronous motor or converter. The
armature has a distributed winding, and was here tapped off as a
three-phase delta combination.

DIMENSIONS AND MEASUREMENTS OF (GENERATOR.

TYPe. covviivinnennns vunn Ceessensssiiriaranes Polyphase converter
Serial NUMDEL. .. cveier veiiroienne sasenanianaiasersneres 135,751
Capacity......... ebensimesesnssiesaranarsennerenntone 10 kilowatts
Number of Poles..coueeurriiiiiiiiiiierene teniiaiienianaenanes 4
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Frequency...cooee viriieie e e e 64 cycles
Normal volts (three phase).........coviiieiiiniiniiieienninenns. 410
Full-load current per branch (three- phase) ............... 14 amperes
Resistance of field (hot) .................. e 685 ohms
Resistance of armature per phase (hot) ... .. e 0.92 obms

Lixternal Characteristics of Generator.—External characteris-
tics were taken of this machine under various reactive loads with
lagging and leading phase displacement'. The results are shown
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Fra. 4. External characteristics of Westinghouse 10 x.w. Alternator as three-
phase Generator, showing the effect of Variable Reactive Loads on Regu-
" lation.

in Fig. 4. In obtaining each of these curves the true power was
measured by the two-wattmeter method. The power factor of
the external circuit was kept constant throughout the whole
range of load by maintaining counstant the ratio of the two- watt-
meter readings.? :

1 ** The Regulation of Alternators under Variable Reactive Loads,”
Geo. W. Redfield, Zechnograph, University of Illinois. No. 15, p. 95, 1901,

2 ‘““Power Factor Measurements.” B. Frankenfield. Electrical World and
Engineer, vol, 85; p. 178. Teb. 3, 1900.
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Charging Current of the Artificial Line.—The receiver end
was open-circuited and the charging current measured as on a
three-phase line. One of the line wires at the generator end was
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Fia. 5.—Relation Between Charging Current and Resounant Rise for Various
Voltages at Generator End.

disconnected and the charging current measured with the same
voltage and frequency applied to the line as before. In the case
of the three-phase line the total charging current was 2/ y/3 that
of the charging current of the single-phase line.
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Resonant Ilise-—An experiment was made to determine the
rise of voltage at the receiver end primarily due to reson-
ance. The line at the receiver end was opened and a Weston

£
P

T
Ht
KSusanEma:
HE

t
{
HEHE

HTHE

:
el
L
i
hoeeedaehad
2 Y 1T
£528
s Ve e
i
33
it

é

s

. F1a. 6.—Performance of Transmission at Variable Load with Under—Exclted
Synchronous Motor,

voltmeter, with suitable multiplier, was then placed across the
terminal of one of the phases. Fig. 5 shows the results of
this experiment, giving the relation between charging car-
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rent and resonant rise for various voltages at generator end.
During the interval when the charging current was measured
the voltmeter was not in circuit, and hence there was no current
taken off the line at the receiver end.
Let ¢ = percentage rise of potential due to resonance.!
C = total capacity of line, in farads.
L = inductance in henrys, of total length of one circait.
w = 2 n , where n is the frequency or p.p.s.

Cw L w100

Then, ¢ =
‘ 2

The quantities ¢/ and Z are proportional to the length of line
and therefore the percentage rise in potential varies practically
as the square of the length of the line and the square of the
frequency.

Substituting in this formula the values for the 40.75-mile
line, we have,

— 1075 0.701 X 401.5 X (0.0713 X 2) X 401.5 X100 — 0.816
3 .

e

this being the calculated per cent. rise due to resonance for this.
line. By a glance at Fig. 5, it will be noticed that the ob-
served values for the per cent. resonant rise agree very closely

“with the above computed value. It also shows that this per cent.
resonant rise is practically independent of the voltage applied to-
the line.

All power factor values of the three-phase circuit were deter-
mined from two-wattmeter roeasurements by use of the well-
known curve of ratios of wattmeter readings in connection with
the cosine curves for bulanced three-phase system.®

Power Factor at Generator End on Open Receiver Secondary.
—When the receiver secondary circuit is open it will be noticed
in all of the curves of performance that the power factor at the
generator end is leading. The reason for this will be evident
upon considering a series of readings by the two-wattmeter
method, one or the other wattmeter always having the larger

1. “The Use of Aluminium Line Wire, and Some Constants for Trans-
mission Lines,” by F. A. C. Perrine and F. G. Baum, TRANsAcTIONS, Vol. xvii.,
p. 845.

2 Ibid, Frankenfield.
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reading according to whether the resultant power factor of the
three-phase line is leading or lagging. The current in the line
under these given conditions is known to be leading because the
charging current is in excess of the no-load current required by
the transformers. Further evidence that the power factor at the
generator end is leading is shown by the line voltage at the re-
ceiver end being higher than the line voltage at the generator
end, and such a condition could not be possible, owing to the in-
ductance of the line unless there was a leading current in the
line. For no-load on the secondary, at the receiver end, similar
conditions are obtained in all subsequent tests; hence, the result-
ing leading power factor of the three-phase transmission is the
same in all cases of open receiver secondary.

Description of the Synchronous Motor.—~The transmitted
power was absorbed at the receiver end by a machine made by the
General Electric Company, constructed for single and polyphase
work, as a generator, synchronous motor or converter. The
armature has a distributed winding and and was used as a three-
phase machine.

DESCRIPTION oF SYNCHRONOUS MOTOR.

T TR Synchronous Machine
CAPACIEY .« v v e e e e e 73 E.W.
No Of POLES. .ttt e e e 4.
R.oP. M. i s e e 1920.
Frequency ..... ceveeveniineiviorevinionean e beeeaa 64 cycles
Normal voltage (three-phase) ................ coviiaenes. 110

Full load current per branch (three-phase)................... 40 amp.

Performance of Transmission at Variable Load with
Under- Excited Synchronous Molor—The curves of perform-
ance, Fig. 6, show that as soon as the synchronous motor is
thrown on, as a lightly Joaded receiver, at constant excitation of
0.96 amperes, taking about 1.1 x.w., the phase displacement at
the generator end immediately changes from lead to lag. The
line current rises quite rapidly and the high-tension and low-
tension pressures at each end drop considerably, due to the pres-
ence of lagging currents in the line and generator circuit. Under
such conditions the regulation of the generator is greatly im-
paired, as shown in Fig. 4. The under-excited synchronous
motor is similar in its effects upon the transmission system to an
induction motor, producing lagging phase displacement mater-
ially affecting the regulation of the system. As the load in-
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creases, the line drop at receiver end falls off gradually, while the
current comes rapidly into phase with the impressed B.m.F.,
reaching unity power factor at a trifle over fullload. This effect

8ase: T T T & T T e T
: 2 i 1 i e
: ; : e i
t ; H E
am - 1
:
ik
P H
i Hiks
=i : £
ety i #
et B g
o : s H
s S
FoHp ! B
H HEEe
B HHH EaanacEnedtt
sl i}
i i i
i H et
i bdas agae ! HH A
AR e e H IR
8 T t
H e et
il EiEoR R neesacke dpematnatt s i e e
S e R R Bk Pkl Ol SN RO T
i
‘
b : £
E i 5
‘ :
i
£ e Ef
Hruwiﬁ 8 t
y....}ﬂ
B -
‘ T
! e ! Eh
i
5 i
A yeis ERRR ) SRS
£ ! HHE
eiagitacs: ML aRaana L dntntn:
H Lius
H
8 FH e ; 7 Bk
EESRE; FHH HEE\ H N- Ry
roplit
b fihs
=2 i
Hem
Ll T e
Fs t i
i
1 HyTReT
| i e

Fic. 7.—Performance with Normally-Excited Synchronous Motor.

partially compensates for the increased drop due to heavier loads
and therefore hasa tendency to keep the voltagesup. The phase
displacement at the receiver end controls the phase relations of
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these m.a.r’s. The line carrent is exceptionally high under
light loads, because under such conditions the receiver power
factor is very low.

Output of receiver secondary

Transmission efficiency = s :
Input from generator terminals

The efficiency in this case reaches a maximum value of 827,
at about half load, and has a maintained value of 80% and over
from one-third to two-third load. -

Performance with Normally Excited Synchronous Motor.—
The characteristics under thiscondition,are shownin Fig.7. The
constant excitation of the synchronous motor was 1.58 amperes,
the exeitation for its operating at practically unity power factor
above half load. The resulting power factors are much improved
at the generator and receiver ends under light loads. As the
load increases, each of these power factors increase more rapidly
than in the preceding case, and at full load they reach unity
while beyond this point they are a trifle leading. The line drop
is not so marked, resulting in better inherent regulation of the
system. ‘

The pressure at the generator end remains practically constant
after the synchronous motor is thrown on the line. The line
current rises gradually, improving the line efficiency by reducing
the phase displacement, also improving the transformer efficien-
cies. Owing to this the transmission efliciency rises quickly and
maintains a high value of 82% and over from one-fifth to full
load. This bears out the earlier statements of this paper that
best results are to be obtained in such a transimission system when
the resulting phase displacement isa minimum.

Prrrormance witHn Over-Excrtep Sywxonronous Moror LoAp.

The curves of performance under this condition are shown in
Fig. 8. The constant excitation of the synchronous motor was
2.53 amperes. The pressure at the generator end does not drop
at all when the over-excited synchronous motor is thrown on,
having a tendency to rise, due to the phase displacement of its
external circuit remaining leading at all-loads. This is equiva-
lent, in its effects upon the generator, to over-compounding, pro-
ducing the so-called “boosting” effect, as shown in Fig. 4, for an
equivalent power factor of about 0.90 leading. The secondary
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pressure regulation at the receiver end is better than in any pre-
vious case, being exceptionally good due to a leading phase dis-
placement which increases with the heavier loads. This has a
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PFia. 8,—Performance with Over-Excited Synchronous Motor Load.

compensating effect upon the secondary receiver voltage which
will be noted later.

The transmission efficiency is 80%and over from half to fullload.
In this case the efficiencies of the transformers are evidently re
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duced at their respective loads by the increased core losses under
the higher impressed voltages. Their /°/2 losses are also in-

creased for the same respective loads owing to the increasing
phase displacement.
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F1a. 9.—Performance with Constant Receiver Secondary Voltage, 120 Volts,
and Variable Excitation of Synchronous- Motor.

C’onstcmt Leeceiver Secondary Voltage and Variable Ewxcita-
tion of Synchronous Motor.—Yig. 9 illustrates the performance
where a constant pressure of 120 volts was maintained at the
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receiver secondary terminals while the excitation was correspond-
ingly increased with the load. Thereis increasing leading phase
displacement after the small loads are passed. The transmis-
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F16. 10.—Performance with Constant Receiver S8econdary Voltage, 125 Volts,
and Variable Excitation of Synchronous Motor.

sion efficiency is at and above 80% from one-third to full load.
Under similar conditions the receiver secondary voltage was
maintained at 125, the no-load pressure, and the results are
plotted in Fig. 10. The phase displacement at each end is de-
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cidedly leading. Therefore the line current is materially raised,
increaging the /°/ losses. Under this condition the trans-
formers were operated at still higher pressures, correspondingly
decreasing the efficiency of transmission.

Ta
5t

5

Fie. 11.—Variation of the Transformer Ratios as Function of the Phase
Displacement.

Lffect on Generator Voltage by Increasing Synchronous Motor

Excitation.—Under the leading phase displacement of the last
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two experiments the pressures at the generator show the charac-
teristic increase earlier noted in Fig. 4.

The leading wattless components of current are comparatively
large, and therefore have an appreciable influence upon the per-
formance and regulation of the generator.

Legulation of Transformers Under Variable Phase Dis-
placement.——An examination of the transformer rativs as deter-
mined by the voltage curves at the generator and receiver ends
of the preceding curves of performance, will show that for the
small Joads especla]ly the ratio of transformation at each end of
the line varies greatly with the phase displacement. This varia-
tion of transformer ratios isa function of the phase displacement
depending upon whethcrit is lagging or leading.

Fig. 11 shows the plotted valuesof these variable transformer
ratios,as a function of the power factor for the step-up and step-
down transformers respectively. The load was practically con-
stant, at 1.15 x.w., for all of these determinations. The varia-
tion in the ratio of the step-down transformmsm opposite to that
of the step-up transformers.

The following is the general principle for either step-up or
step-down transformers, respecting the variation in transformer
ratios with variable phase displacement:

The output voltage increascs as the lagging phase displace-
ment decreases, which voltuge continnes to increase as the dis-
placement passes through unity ond becomes more and more
leading.

This variation of transformation ratio will become apparent
upon a consideration of the effect of variable phase displacement
upon the resnltant flux. Inany given case this fluxissmaller with
a lagging phase displacement than with no displacement, and,
therefore increases as the displacement becomes more and more
Jeading.

Therefore, with a given prlmary impressed .M ¥. the second-
ary B.M.F. will be smaller with a lagging and larger with a lead-
ing load, than with a simple non-inductive load. Furthermore,
it is to be seen that a difference of phase existing in the second-
ary circuit of a transformer reappears in the primary circuit
somewhat decreased if leading, and slightly incrcased if lagging.
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Precavrions 10 BE TAkEN with UxNLoADED TRANSMISSION
Lixgs.

Judging from the results of the earlier sets of these experi-
ments it should not be permitted to throw the generator onto an
unloaded transmission line where the per cent. resonant rise may
be comparatively large. If this should occur it may produce a
marked resonant rise in pressure at the receiver end, and more-
over increase the ratio of the step-up transformers. It istherefore
advisable always to have induction motors or similar inductive
reactance connected in the circuit. Furthermore, in designing a
transmission line care should be taken to keep very low the ratio
of the charging current to the full load power current, so as not
to necessitate increasing the size of generating units to supply
this charging current.

Transmission Efficiency—The tendency to higher efficiency
by increase of the impressed 1 m.¥., due to any so-called ** boost-
ing” throws the current out of phase with its ma.r. Itis evident
that when high transmission efficiency is desired it is necessary
to keep down the wattless components of current to whatever
cause they may be due, quite as much on account of the impair-
ment of transformer efficiency asin the general operation of the
system. The three transformers used at each end of the line
were of 8 x.w. capacity, of well-known modern types; Fort
Wayne for the step-up, and Packard, for the step-down trans-
formers. In almost all instances in these experiments they were
operated at somewhat higher voltages than intended. Their /*22
losses were necessarily increased by the extreme range of reactive
loads.

Voltage Regulation.—The results throughout are given for
one phase (a-B) of the three-phase system, which was always
balanced. There was comparatively little “hunting” of the syn-
chronous motor under any of the conditions of operation. The
transformers had a drop of 8% between no-load and full non-
inductive load when operated at their normal voltage. There
was also a drop of about 2% in the speed of the alternator between
no-load and full-load, due to the increased slip of the induction
motor used as a prime mover. After taking these factors into
conzideration regarding the regulation of the several parts of the
gystem, it is evident that the performance of the transmission
gystem was satisfactory.
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Wave Horms from the Experimental Transmission System.!
The instrument used in taking these wave forms was a modifica-
tion of the Blondel oscillograph. To a small reflecting mirror
was attached a very soft Norway iron needle,with a natural period
of about one thousandth of a second. This was suspended verti-
cally by a very fine silk fiber in line of prolongation of horizontal
axis of an air-core solenoid of sixty turns of No. 20 (B. & 8.)
soft single cotton-covered magnet wire. The directive force of
the needle was supplied by a pair of permanent steel magnets of
horse-shoe form, producing practically a constant field. When an
alternating current was passed through the solensid it produced
simultaneous deflection of the needle in frequency, direction and
amount proportional to that of the current flowing.

By suitably arranged lenses a beam of light from an are lamp
will be reflected by the mirror upon highly sensitized paper
mounted on a rapidly-revolving drum.

The photographic records of the wave forms are necessarily
small, from one-half to one inch in amplitude. They were
enlarged by throwing onto a screen by a projection lantern and
then retraced by haund. Similar recording arrangemeunts have
been used with curve tracers. These are necessarily slow and
tedious, requiring about half an hour for a complete record of the
wave form. The record, therefore, is really a kind of composite
photograph, as the wave form meanwhile may have undergone
almost an infinite variety of changes. In the modification of the
oscillograph as here used the deflections of the needle follow very
closely and faithfully any variation in the alternating current,and
a record of the wave form is obtained in about one-sixtieth of a
second.

Figs. 12 and 13 illustrate the generator and receiver wave forms
under typical conditions. Series x is an .M. ¥. wave form of the
three-phase generator on open circuit. Series v of Fig. 12 and
Series v' of Fig. 13 are E. M. 7. wave forms taken off the generator
and receiver secondary terminals, respectively, under the same
conditions of load and simultaneous couditions of operation, with
leading phase displacement. These wave forms are very similar,

1. These wave forms were {aken by Mr. E. F. Bracken, B.S., in Electrical
Engineering, University of lllinois, by the method described in his thesis on
“*Investigation of the Wave Forms of Alternators and Synchronous Con-
verters,” June, 1901,
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but the receiver end is distorted more than the one from that of
the generator end,as the receiver end power factor was somewhat
lower. They show the flattening due to the capacity effect of the
leading currents present.

SERIES X,
F1ad,

GENERATOR END.
ConpiTions:-

LoAn 0 Kw.

FREQuENCY 64 PPS.
ArrS, 1901,

Series Y.

' Fid.2.

GENERATOR  END,
ConniTions:=~
PF, LeADinG .80
LoAn 3.9 Kw.
FREQUENCY 64 P.PS.
APR.9, 1901,

Series 2.

Fid. 3.

GENERATOR Ena,
CoNDITIONS 1~
P.F., LeGGivg .60
LOAD 34 KW
FRequeney 64 RRS,
APR.9, 1901.

Fia. 12.—Wave Forms from the Generator.

Series z of Fig. 12 and Series z! of Fig. 13 are E.M.F. wave
forms taken off the gemerator and receiver secondary terminals
under the same conditions of load and simultaneous conditions of
operation, but with decided lagging phase displacement. These
waves are also similar, but that of the receiver end is more dis-
torted than that of the generator, due to a lower power factor at
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the generator end. These waves illustrate the effect of lagging
currents and show the characteristic peak due to the presence of
inductance. From examination of them it is evident that to
wave-form peculiarities are to be attributed many cases of bad
regulation and other difliculties appearing in the earlier trans-
mission systems with mixed apparatus and uncertain line condi-
tions. They illustrate also the great influence npon the .. .
waves of the line and generator of the phase relation between the
E. M. F. and the current.

Fig. 1.
RECEIVER  EnD,
CONDITIONS =

RF, LERDING  .50.

LoAn 2.5 K.Ww.

FREQueney 64 RS,
AFR,17, 1301,

Series Y,

A .
Fig. 2,
Receiver  Enn,
P.F., Ladding 40,
Loan 2.4 Kw.
FreEQuendy 64 P.Rs.
APR.17, 1901,

Fia. 18.—Wave Forms from the Receiver Secondary Terminals.

If synchronous motors or converters are used, giving wave
forms quite different from those of their impressed r.m.F., they
will become very unstable in regard to remaining in synchronism.
This dissimilarity of wave forms also necessitates excessive cur-
rents, without any regard to the accompanying disadvantages
inherent in phase displacement of synchronous machines, and
such dissimilarities are purely relative and do not materially con-
cern the question of the intrinsic value of synchronous machines
in effecting neutralization of phase displacement.



