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Our Midwinter
Convention
That the Midwinter Convention was a success in
every way is now a matter of Institute history and it
may not be unwise to analyze the apparent reasons.

It is customary to have the midwinter convention the
most serious event, from a technical standpoint, of the
Institute year and a glance at the program indicates
that the Meetings and Papers Committee wasted no
waking hours in the delivery of technical papers of
which there were some twenty in all. The balance of
the program of papers was remarkable, covering fields
of such diversified interests as to bring about a registra-
tion of more than fourteen hundred. The individual
papers were original and told of things particularly
interesting to men in the line of work covered by them.

The presentation of all the papers was most excel-
lently done by the authors in a clear and concise way
in the least possible time. At most of the sessions all
the papers had been presented within the first hour or
within a few minutes of that time, leaving the rest of
the period for discussion which is so essential in order
that the best may be gotten from them. Anyone may
read a paper and get much out of it, but when the
author and his questioners can meet, with plenty of
time for constructive discussion, then is the greatest
benefit derived.

The filling up of a program with many technical
papers does not necessarily spell success for a conven-
tion, but a sufficient and diversified list with plenty of
time for a full discussion as was the case at this con-
vention, hrings a gratifying result to all concerned.

To the Convention Committee, the Meetings and
Papers Committee, to the chairmen of the various
committees under whose auspices the papers were
prepared, and to the authors of the papers, the President
desires to express his sincere thanks for the careful,
unselfish and considerable work in the preparation of
the convention.

FARLEY OSGOOD

QOur Standards

How naturally and with what confidence do we
pick up our book of “Standards” when some subject
included therein is under discussion. We are fully
justified in doing so in the knowledge that this work is
the result of hundreds of the best minds in the many
branches of pur industry, and dating back to the days
when standardization was just coming into being.
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When it is realized that over two-hundred well informed,
thinking men of our Institute are constantly working
toward the developing and classifying of these most
essential bases of our work, it is right for us to have
confidence in the results of such effort.

The membership of the various committees carrying
on this great work is so balanced in the experience of
its individuals as to bring as far as possible all points of
view to the focal center of every standard undertaken.
The methods of procedure brings together the latest
knowledge from research, the best technique of theory
and the fullest knowledge of practical application.

The A. I. E. E. Standards as is their scope, are strictly
on engineering, yet as manufacturing, commercial and
all applications are based on or governed by engineer-
ing rules, the wording of the same must be such as to
define definitely the subject, clearly describe its tech-
nique, have no ambiguity toward correct Interpretation,
in order that the widest and most practicable use for
all concerned will be the result.

FARLEY OSGOOD

Three New A. 1. E. E.
Standards Adopted

On January 21, 1925, the Board of Directors adopted
three additional sections of the revised A.I. E.E.
Standards, as follows: No. 38, “Standards for Electric
Arc Welding Apparatus,” No. 8, “Standards for Syn-
chronous Converters,” and No. 14, “Standards for
Instrument Transformers.” These revised sections
of the A. I. E. E. Standards now available in pamphlet
form at a cost of 25 cents per pamphlet, are part of the
series of sections, each dealing with a specific subject,
to be issued from time to time as completed, in the
course of the revision of the entire A. I. E. E. Standards
now in progress. A section on “Standards for In-
dustrial Control Apparatus’ was adopted May 16,1924,
and is also available at the same price.

The “Standards for Electric Arc Welding Apparatus”
include the following types of apparatus applied to
arc-welding work: D-C. Generators; Motor-Generator
Sets (including dynamometers), A-C. Transformers;
Resistors. The apparatus is dealt with under the
following heads: scope, service conditions, definitions,
rating, heating, efliciency, dielectric test, standard
values for current and voltage, markings on rating
plates.

The “Standards for Synchronous Converters” also
apply to Field Control Converters, Synchronous Booster
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Converters and Cascade Converters, Frequency Con-
verters and Rotary Phase Converters will be included
In another section.

The ‘‘Standards for Instrument Transformers”’
apply to transformers designed for use with measuring
or control devices.

Some Leaders of
The A. 1. E. E.

Arthur Edwin Kennelly, the twelfth president of the
Institute, was born in Bombay, India, December 17,
1861. His early education was gained in private schools
in England and Scotland, and at University College,
London.

At fifteen years of age he entered the British tele-
graph service as an operator, five years later being
appointed assistant electrician of a cable repair steamer.
In 1886 he was advanced to the position of senior ship
electrician for the Eastern Telegraph Company. In
1887 he came to the United States and engaged as
principal assistant in the electrical laboratory of
Thomas A. Edison, where he remained seven years.
In 1894 he became associated with Dr. Houston as
consulting engineer. In 1902 he was appointed pro-
fessor of electrical engineering at Harvard University,
where he has continued until the present time, also as
director of electrical research at Massachusetts Insti-
tute of Technology. In 1921-22 he was American
exchange professor in applied science to French uni-
versities from a group of seven American universities.

In 1895 Professor Kennelly was given the honorary
degree D. Sc. by the University of Pittsburgh, and the
same by the University of Toulouse, France, in 1923.
In 1906 the M. A. degree was given him by Harvard
University.

Dr. Kennelly received the Institution and Fahie
premiums from the British Institution of Electrical
Engineers, the Howard Potts Gold Medal amd Edward
Longstreth Silver Medal from the Franklin Institute,
for electrical research. During the World War he was
civiian liason officer for the United States Signal
Corps, A. E. F. He is a Chevalier of the Legion
d’Honneur of France.

Dr. Kennelly is the author of a large number of
electrical books and technical papers, published during
the past twenty-four years, and is a Member and
Honorary Member of many American and foreign
sclentific societies and associations.

He was president of the A. I. E. E. throughout the
years 1898-1900.

The Symposium —A Stimulator
for Technical Meetings

Engineering is an exact science, but nevertheless
some of its applications involve certain compromises
which are more or less matters of personal opinion.
In such matters, the symposium form of treatment has
in the past met with such success that it is indeed
worthy of more universal adoption. Consisting of a

NOTES AND COMMENTS
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series of short articles on a common topic, by several
authors and accompanied by oral discussions, a sym-
posium then, quite naturally brings forth an inter-
change of ideas which is mutually beneficial to all
concerned, for the opinions of all the individuals are
interwoven into a unified whole of considerable value.

Nearly two years ago the Papers Committee of the
[MMuminating Engineering Society decided that a
discussion on Street Lighting would be appropriate for
their Annual Convention. In looking over a list of
possible authors for a paper on this subject, the commit-
tee found a number of engineers who were specialists in
this field, any one of whom could be called upon to
write such a paper. The Symposium form of discus-
sion seemed to lend itself very readily to this condition
and accordingly a problem in the form of a question-
alre was sent to representative specialists in this field
throughout the country. Each specialist was requested
to make his specific recommendation for the lighting
of a definitely described street. The solutions to this
problem were received by the Papers Committee,
sometime in advance of the meeting at which they were
to be presented and the results were coordinated slightly
so that each solution was in the same general form.

Following the presentation of these solutions a very
comprehensive discussion took place. The variety of
the opinions portrayed in the various problems brought
forth many comments from the listeners as well as from
the authors themselves. From such results as these
the symposium proved itself worthy of commendation
even from those who had previously been the most
skeptical of it.

The symposium idea was liked so well that it was
later used at the New York district meeting of the
Society, at which time the many phases of office lighting
were thoroughly discussed. It is also quite possible
that future meetings will employ this novel method of
increasing the interest in discussions of similar nature.

Such a discussion brings into the limelight the practi-
cal as well as the theoretical aspects of a problem, for
costs as well as spacing distances, foot-candle inten-
sities, and desirable types of lighting units must neces-
sarily be quite fully discussed since the opinions of the
participants will naturally vary somewhat on these
various points. The consolidation of ideas obtained in
this manner creates a better understanding among
engineers, which is beneficial to an engineer’s clients as
well as to himself for unless there is a reasonable degree
of agreement among the engineers who may be called
upon to solve the problems of a client, how is the latter
to know which of the several designs or opinions are
best suited to his needs?

It is to be hoped that the intelligent use of the
symposium in the future will aid in raising the standards
of the profession as a whole for there are indeed many
possibilities in this form of discussion, not alone in the
field of illumination but in the other divisions of the
electrical industry as well.



Voice-Frequency Carrier Telegraph System
for Cables

H. NYQUIST,!
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BY B. P. HAMILTON,
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Synopsis.—Carrier telegraph systems using [requencies above
the voice range have been in use for a number of years on open-wire
lines. These systems, however, are not sutlable for long toll cable
operation because cable circuils greatly atlenuale currents of high
frequencies. The system described in this paper uses [requencies
in the voice range and is specially adapled for operation on long

and W. A. PHELPS?

Associate, A. I. E. E.

M. B. LONG,;

Associaté, A. I. E. E.

Sour-wire cable circuils, ten or more lelegraph circuils being obtain-
able from one four-wire circuit. The same carrier Jerquencies are
used in bolh directions and are spaced 170 cycles apart. The car-
rier currents are supplied al each terminal station by means of a

single multi-frequency generalor.

TELEGRAPH system has recently been devel-
Aoped which utilizes the range of frequencies ordi-

narily confined to telephonic communication.
It represents a special application of the carrier method
of multiplexing telephone and telegraph circuits, which
has already been described.?

The new system has been designed particularly for
application to four-wire telephone circuits. Installa-
tions have been made at New York and Pittsburgh, by
means of which ten telegraph circuits are derived from
one four-wire telephone circuit extending between
these cities. Additional installations are planned and
under way in which it is expected that a greater num-
ber of telegraph circuits-will be obtained from each four-
wire telephone circuit.

Experience in commercial service extending over a
considerable period has fully demonstrated the effective-
ness of this system.

GENERAL FEATURES

In a general way, the voice-frequency system re-
sembles the high-frequency carrier system for open-
wire lines, which has been described in the paper re-
ferred to above. The most important differences are
that the voice-frequency system uses (1) a four-wire
cable circuit instead of a two-wire open-wire circuit,
(2) the same frequencies for transmission in both direc-
tions, (3) frequencies of the voice range rather than the
higher frequencies used in open-wire carrier telegraph
systems, (4) a multi-frequency generator instead of
vacuum tube oscillators to supply the carrier currents
and (5) fixed band pass filters instead of adjustable
tuned circuits for segregating the several telegraph
circuits.

I"ig. 2 shows in a simplified manner the essentials of
the telegraph system under discussion. Reference to
Fig. 1, which shows a four-wire telephone circuit,* will

1. American Telephone & Telegraph Co., New York, N. Y.

2. Bell Telephone Laboratories, Ine., New York, N. Y.

3. Carrier-Current Telephony and Telegraphy, 1. . Colpitts
and O. I3. Blackwoll, Tuansacrions, A.LE.E. 1921, page 205.

4. Pelephone Transmission Over Long Cable Circuits, A. B.
Clark, Transacrions, A.115.15., Vol. X1LIL, 1923, page 86.

Presented ot the Miduinler Convention of the A. 1. K. I,
New York, N. Y., February 9-12, 1925.

make clear how the line portion of the telegraph system
is derived from such a telephone circuit. As indicated
in Fig. 1, the four-wire cable circuit uses two pairs of
wires, one pair for transmission in each direction.
When a voice-frequency telegraph system is applied to
a telephone circuit the four-wire terminating sets, which
normally terminate the circuit when used for telephone
purposes, are removed and voice-frequency carrier
telegraph equipment is substituted.

Signal Traced Through System. A general layout
of the system is shown in Fig. 3 and, in describing the
operation, reference is made to this figure. The path
of a signal from the sending operator to the receiving
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operator, on one of the ten two-way circuits will be con-
sidered. To produce a spacing signal the sender opens
his key (shown at the left of the figure) which causes
the sending relay to operate so as to short-circuit the
source of alternating current. To produce a marking
signal the key is closed, which causes the sending relay
to operate and to remove the short circuit. This per-
mits the alternating current from the generator to flow
freely into the filter. This sending filter is so con-
structed as to permit relatively free passage of current
of frequency near the particular carrier frequency for
which it is designed. For other frequencies the filter
practically shuts off the current.
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- After passing through the filter, the current mingles
with currents from other channels and all are trans-
mitted over the line as a resultant composite current.
After flowing through the line in this mixed-up condi-
tion, the currents encounter the receiving filters which
resemble the sending filters in that each transmits a
relatively narrow range of frequencies in the neighbor-
hood of the carrier frequency for which it is designed,

IIAMILTON, NYQUIST, LONG AND PHELPS
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channels by the receiving filter and (e) their final form
in the receiving sounder circuit. The points where
the oscillograms were taken are shown in Fig. 2 at q, 0,
¢, d, and e, the cases being correspondingly denot d on
the oscillograms.

Carrier F'requencies. 'The carrier frequencies are so
chosen as to be odd multiples of a basic frequency of
85 cycles per second. The lowest frequency used is
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and in that it acts substantially as an open circuit to
other frequencies. By means of these receiving filters
the currents are separated and each flows freely into
its own channel. After passing through the receiving
filter the current enters the detector whose function is
to convert the alternating current signals into direct-
current signals which are capable of actuating the re-
ceiving relay. The receiving relay in turn transmits
direct-current signals to the receiving operator’s
sounder or local relay.

This sequence of events is illustrated in the series of
oscillograms of Fig. 4, which shows the different forms
of a group of telegraph signals in the 425-cycle chan-
nel from the time, when as d-c. impulses, they flow

through the sending relay windings, to the time when -

again, as d-c. impulses, they flow through the receiv-
ing relay and sounder circuit. It shows (a) their form
in the sending relay and telegraph key circuit, (b)
their translation into alternating current prior to pass-
ing into the sending filter, (c) their mingling with other
similar impulses of different carrier frequencies aft?r
passing through the sending filter and on to the line as
a single resulting wave flowing through the four-wire
circuit, (d) their form after separation from the other

the fifth multiple of 85 cycles, that is, 425 cycles per
second. Starting with this frequency, the carriers are
spaced at 170-cycle intervals from their nearest neigh-
bors, so that in the ten-channel system the uppermost

Fig. 4

frequency is 1955 cycles per second. Each channel
has assigned to it a range of frequencies 85 cycles above
and below its own frequency. For example, the chan-
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nel using a carrier frequency of 1105 cycles has assigned
to it the range between 1020 to 1190 cycles. Choosing
the carrier frequencies in this manner and placing each
carrier midway in the band of frequencies assigned to
it, has the effect of giving maximum discrimination
against interfering frequencies generated in the various
vacuum tube repeaters. As is well known, when a
number of frequencies are transmitted simultaneously
through a vacuum tube, currents which cause inter-
ference are generated due to small departures from
linearity on the part of the tube characteristic. Some
of the most important of these currents have frequen-
cies equal to the sum and difference of the frequencies
of the transmitted currents taken in pairs. Since the
carrier frequencies are all odd multiples of the common
frequency, 85 cycles, it follows that the sum and differ-
ence of the frequencies are even multiples of 85 cycles
and therefore are located midway between the carrier
frequencies. This permits obtaining the maximum
discrimination against these interfering frequencies by
means of the filters, of which the characteristics are
set forth below.

The number of carrier telegraph circuits which can
be derived from a single four-wire cable circuit depends
on the type of loadingand, to a lessextent, on thelength
of the circuit. It hasbeen mentioned above that at the
present time ten two-way carrier telegraph circuits are
operated simultaneously over a four-wire circuit be-
tween New York and Pittsburgh, a distance of about
400 miles (644 km.). This is not, however, the maxi-
mum possible number of telegraph circuits which can
be derived from the type of circuit used with thisinstal-
lation. Four-wire circuits which are loaded with coils
of small inductance transmit a wider range of fre-
quencies and are already in use for telephone purposes.
If such circuits were used instead of the type employed
with the present installation, at least fifteen two-way
carrier telegraph circuits could be obtained.

DESCRIPTION OF APPARATUS

Carrier Current Generator. Vacuum-tube oscillators
are the source of the carrier current in carrier systems
previously developed. In this system, however, all
the carrier currents for the ten channels are obtained
from a compact multi-frequency generator driven by
a motor huilt into the same housing with the generator.

The generator is an inductor-alternator designed to
generate currents of ten different frequencies in ten
different magnetic circuits electrically independent
of each other. The machine has two field coils common
to all the stators. The exciting current for these two
windings is supplied by a storage battery. On the
pole arc of each stator opposite each of the narrow
disk-like rotors, mounted in a row on the shaft, are cut
a number of slots, the number per unit length depend-
ing on the frequency to be generated. The stator
windings for each circuit are placed in these slots. The
rotor belonging with each stator has a corresponding

VOICE-FREQUENCY CARRIER TELEGRAPH SYSTEM FOR CABLES
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group of slots cut in it but no windings are placed in
these rotor slots. The result is equivalent to ten sepa-
rate alternators except that the field excitation is com-
mon to all. The flux in any stator tooth is greatest
when a rotor tooth is opposite it and least when a rotor
slot is opposite it. This variation in flux in the stator
teeth as the rotor moves induces the voltage in the
windings on these teeth. All the windings of a given
stator are connected in series, so the total voltage gen-
erated in each stator is the sum of theseparatevoltages
in the several windings.

A comparatively small generator is able to supply
carrier currents to several ten-channel systems be-
cause, by using terminal repeaters or amplifiers (Fig.
3) the amount of energy required to operate each tele-
graph channel is very small, and no channel produces
any noticeable interference in another drawing current
from the same stator winding. The terminal voltage
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of each stator is 0.7 volt and a current of 40 mils may
be drawn from it without producing change a in terminal
voltage sufficient to cause interference in any telegraph
circuit drawing current from the same set of windings.

The driving motor is a small shunt-wound machine
which receives its energy from a 24-volt storage bat-
tery. The speed of the motor is maintained accurately
at 1700 rev. per min. by means of a centrifugal type of
governor which controls the amount of current flowing
through the shunt field winding. As the stability of
the carrier frequencies depends on the constancy of
the motor speed, it is necessary that the governor con-
trol the speed within narrow limits.

As a means of checking the speed of the generator
an electrical frequency indicator is provided. This de-
vice is connected to and indicates the frequency of one
of the generator circuits. As the frequency of an
alternator is directly proportional to the speed it gives
an indication of the correctness of the speed and also
of all frequencies produced by the generator.

Filters. Fig. 5 shows the transmission characteris-
tics of the transmitting and receiving filters. These
filters are designed to transmit as wide a range in the
neighborhood of the carrier frequencies as is necessary
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to secure the desired quality of transmission and at the
same time exclude interfering currents, whether they
Le caused by foreign interference, direct transmission
from other channels, or distortion in the repeater tubes.
The principal interfering currents due to the latter are
located 85 cycles on either side of the carrier frequen-
cies. The receiving filters have been designed to re-
duce these interfering currents to about 10 per cent of
their original value.

In addition to screening out any undesired frequen-
cies produced in the generator windings, the sending
filters have the following more important functions.
Each sending filter presents a high and comparatively
non-dissipative impedance to the currents issuing from
the other sending filters and also “rounds off”’ the
impulses of the modulated carrier wave passing through
it. The modulation of the carrier current by the
sender’s key produces what is called a “square” wave,
that is, a wave containing not only the carrier plus and
minus the frequency at which the key is operated but
also the carrier plus and minus a large number of
multiples of the frequency. Some of the component
frequencies of this transmitted wave not only are found
unnecessary in reproducing the transmitted signal at
the receiving end but also lie within the range of adja-
cent channels and produce interference in them unless
screened out by the sending filter in the channel in
qguestion.

The effect of the sending and receiving filters in
“rounding off”” the modulated carrier wave, that is,
In screening out the objectionable components of the
signal wave,.is shown by the oscillograms of Fig. 4.
The combined effect of the two filters on the shape of
the modulated carrier may be seen by comparing oscil-
lograms (b) and (d) of this figure, which show respect-
ively the appearance of the modulated wave before it
enters the sending filter and after passing through the
sending filter, over the line and through the receiving
filter. Another interesting point in connection with
these oscillograms is the time lag due to the circuit
which is shown by the relative differences in position of
the two waves referred to above. Owing to the limi-
tations imposed by the ordinary oscillograph all of the
traces shown in Fig. 4 were not taken simultaneously.
This accounts for minor inconsistencies which are
revealed by a careful inspection.

Detector. The detector receives alternating current
signals from the line after the signals belonging to that
particular channel have been selected by the receiving
filter. It consists of two vacuum tubes in tandem,
the first tube (Fig. 3) amplifying the received signals,
and the second converting them into direct-current
pulses which operate the receiving relay. The receiv-
ing relay then repeats these telegraph signals into the
receiving direct-current circuit which contains the
receiving sounder.

To improve the operation of the receiving relay a
device called an accelerating circuit or “kick’ circuit,
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such as is used in open-wire carrier-telegraph systems,
is interposed between the detector tube and the re-
ceiving relay. This circuit is obtained by introducing a
transformer whose high-voltagesideisconnected in series
with the detector tube and a winding of the receiving
relay and whose low-voltage sideis connected to another
winding of the relay. When the current in the high-
voltage side is constant, there is no current in the low-
voltage side, but if the former current suddenly
changes, as at the beginning or end of a marking signal,
there i1s a sudden rush of current in the low-voltage
circuit which has the effect of causing the relay to oper-
ate promptly and positively.

Relays. As shown in Fig. 3, the sending and receiv-
ing relays are of the polar type. These relays
are identical and interchangeable with those used in
the metallic and open-wire carrier-telegraph systems.
They are described in the paper on telegraph relays
which has been prepared for presentation at this
meeting.

Power and Testing Equipment. In the development
of the voice-frequency carrier telegraph system, the
central thought was the desirability of designing a sys-
tem which would fit into the existing cable telephone
and telegraph plant. It has been possible to use the
standard voltages obtainable from the storage bat-
teries in such plants without exception.

In line with the policy of simplifying this new sys-
tem as far as possible, the amount of auxiliary testing
apparatus was reduced to a minimum. This policy
has been assisted by the stability of the cable circuits
and the use of a multi-frequency generator as a source
of carrier currents. Only two pieces of special testing
apparatus are used at each station, namely, the fre-
quency indicator, and a thermocouple voltmeter for
checking the alternating voltage in each generator
circuit.

LINE AND REPEATERS

As has been pointed out elsewhere in this paper, the
voice-frequency carrier telegraph system was designed
primarily for use on small-gage, four-wire cable cireuits.
These circuits are loaded and provided with vacuum
tube repeaters at 50 to 100-mile (80.5 to 161 km.) in-
tervals, depending on the weight of loading used. The
repeaters used in long toll circuits are similar to those
described at an earlier date.> The characteristics of
the long cable circuits used in voice-frequency carrier
telegraph transmission have also been described in a
more recent paper.®

EQUIPMENT FEATURES AND ARRANGEMENTS FOR Gilv-
ING SERVICE

The apparatus which is associated with each of the
ten two-way circuits in this system has been segregated
according to function and each group of apnaratus per-

5. Telephone Repeaters, by Bancroft Gherardi and Frank .
Jewett, TraxsactioNs, A.LLE.E., 1919, page 1287.
6. Clark, Loe. ecit.
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forming the same function, such as the detector, has
been mounted on a separate steel panel. Kach one
of these panels forms a unit in itself. This type of
construction allows the substitution of new apparatus
performing some particular function in the system
without an expensive redesign. Thus, it is possible to
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Fig. 7

install future improvements in the several circuits of
the system in an economical manner.

These unit panels are mounted on pairs of vertical
I-beams and the combination is termed a “bay.”” The
bays are of different heights, depending on the require-
ments of the office in which they are installed. Fig.
6 shows a line-up of so-called low-type bays (about five
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feet high) in the Pittsburgh office. Each bay in this
line-up comtains sufficient equipment to provide for
the transmission and reception of signals at the Pitts-
burgh terminal of one of the ten two-way telegraph
circuits. Fig. 7 shows a line-up of similar equipment
in the New York office, this layout differing from the
one in Pittsburgh in that it uses high instead of low-
bays. Each bay in this line-up contains sufficient
terminal equipment for two of the ten two-way tele-
graph circuits.

In additional to the bays described above there are
threebays, carrying auxiliary equipment. Thisauxiliary
equipment consists primarily of control and testing
apparatusfor batteries and carriersupply. Two of these
bays, namely, the generator and carrier supply bays are
shown in Fig. 8. This figure shows two of the multi-
frequency generators (one a spare machine) deseribed

Fig. 8

above, and the carrier testing equipment. The control
equipment associated with these machines is mounted
on the panels above the generator and the frequency
indicator is mounted on the panel to the right of this
control apparatus. .

SWITCHING AND MONITORING ARRANGEMENTS

The monitoring arrangements, which enable the
attendant to check the quality of signals passing over
a circuit or to trace trouble quickly and easily, are
similar to those now in use in the open-wire carrier and
metallic telegraph systems. These arrangements are
described in the paper on the metallic telegraph system
which has heen prepared for presentation at this meet-
ing and, therefore, will not be given in detail here. In
a general way it may be said that switches and meters
are provided to connect the telegraph batteries to local
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apparatus, to provide either one-way or two-way
service and to facilitate repeating to other telegraph
systems.

CAPABILITIES OF SYSTEM

Field tests over the New York-Pittsburgh system
have shown that each telegraph circuit derived there-
from is of high grade, allowing signal speeds of 35 to
40 cycles per second. That is, with machine sending,
it is possible to transmit 140 to 160 words per minute
(five letters and a space per word) each way over each
telegraph circuit. Considerably higher speeds may of
course be obtained by widening the frequency range
assigned to each telegraph circuit.

The New York-Pittsburgh system may be used in
connection with a multiplex printing telegraph system
and three printer messages may then be sent simul-
taneously -in either direction on each carrier circuit.
Assuming 50 words per minate as the working speed
for each of the three printers a total of 1500 words per
minute could be transmitted simultaneously in either
direction over the ten circuits.

A simple numerical example will indicate what 1is
technically possible by the application of this type of
telegraph system to toll cables. A toll cable 2 5/8
inches (6.7 em.) in diameter contains about 300 pairs
of No. 19 B. & S. gage (0.91 mm.) conductors. Utiliz-
ing the phantom circuits this gives a total of 225 four-
wire circuits. Counting 30 messages in each direc-
tion per four-wire circuit it is evident that it is technic-
ally possible to transmit 6750 messages in each direc-
tion simultaneously.

The “break’” feature of this system is satisfactory.
1t functions in a manner similar to that used with the
metallic telegraph system. It takes about 0.1 second
to transmit a ‘“‘break” signal over a 1000-mile (1610
km.) circuit.

FIELDS OF APPLICATION

It will be evident that while the foregoing descrip-
tion assumes that this system is applied to four-wire
circuits, it could be readily applied to two-wire circuits
by transmitting half of the carrier frequencies in one
direction and the other half in the opposite direction.
Furthermore, if the impedance characteristic of the
line could be reproduced with sufficient accuracy in
networks to balance the line at the repeaters, the same
frequencies could be transmitted in both directions
and as many of them could be so transmitted as the
natural “cut-off” of the line would permit.

While the voice-frequency carrier telegraph system
has been designed primarily for use on an ordinary
telephone circuit, the system may be applied to carrier
telephone or radio telephone channels without involving
radical changes in either the telegraph system or the
telephone circuit to which it is applied.

HAMILTON, NYQUIST, LONG AND PHELPS
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BROADCASTING PROGRESS IN EUROPE

Installation of radio receiving sets is at present
illegal throughout most of continental Europe, yet the
freedom with which governmental regulations are
being ignored forecasts acceptance of broadcasting
on a systematic plan.

The reluctance of different nations to modify their
radio laws has been due to several causes, one of them
being the expected interference between broadcasting
stations in the several countries. Another important
factor has been concern lest removal of restrictions
should cause an excessive importation of foreign made
recelving sets.

Czecho-Slovakia the central nation of Europe sees in
radio the means of building up Prague as one of the
outstanding musical and cultural centers of the world.
As the center of national opera which will probably be
broadcast, Prague will also play a new part in the
national spirit and advancement of the country on
cultural lines. The government will control broad-
casting and plans to erect stations for operation on a
rental basis by a broadcasting company.

In England alone is broadcasting well organized at
present on a scale comparable to that in the United
States, and some other countries have come forward
with radio programs.

For instance, one of the first broadcasting stations on
the continent was installed at Kristiania, Norway.
Tests were made with this station and complimentary
reports were heard from many countries, even as far as
Ireland and France. A broadecasting company has now
been formed and Norway is one of the leaders in appli-
cation of the art in Europe.

Sweden has enjoyed broadcasting for two years. The
Telegraph Administration has plans for a com-
prehensive system of stations interlinked by tele-
phone lines. Owners of receiving sets are licensed
on the basis of a low annual fee, loud speakers being
assessed at a considerably higher rate because they are
considered more or less in the class of luxuries.

Great progress in broadecasting has been made in
Germany during the last year. Plans are under way to
organize a power carrier broadcasting service, the idea
being to superimpose a high frequency carrier current
on power circuits at various low-tension centers. The
power companies would render the broadcasting
service and supply subscribers with receiving sets on a
rental basis, but the general supervision and organiza-
tion of the service would be taken care of by a broad-
casting company. The success of this system would
rest upon the low rental which would make it possible
for everyone to subscribe, and the elimination of elabor-
ate receiving sets and aerials.

Several stations are planned for Austria butat present
this country has only one station, operated by a
broadcasting company. The service is not organized.
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Synopsis.—Experiments were made lo determine cerlain effects
of high local vollage siresses in lransformer oil. The resistiv-
ity of the 0il was measured by a special method immediately follow-
ing a period of vollage stress. The resulls were

1. A greatly reduced resistivily when the stressing vollage was
greater than that producing visible corona.

2. A gradual increase in resistivily following removal of stress.

and

J. K. HODNETTE*

Non-member

The “rapidly applied’’ breakdown vollage was Jound for samples
of oil which had been previously subjected to high voltage siresses.
The dielectric strength varied in a manner similar to the resistivity,
but showed an actual improvement in diclectric strength when thetoil
was given a rest period of 16 minutes.

Definite conclusions are given at the end of the paper.
* * * * *

ism of conduction and breakdown in dielectrics
makes any additional data bearing on this subject
worth while'. This paper discusses certain effects on
electrical, physical and chemical properties of trans-
former oil when subjected to high local voltage stresses,
dealing chiefly with certain temporary changes in
conductivity and dielectric strength resulting from
this treatment.
In the latter part of 1923, Professor H. B. Smith of
Worcester Polytechnic Institute raised the question
of the possibility of the temporary lowering of dielectric

! I \HE recent increasing investigation of the mechan-

300 Kv. Testing Trans.

Condenser Bushing

[ 136x10¢
Protective & Henries

~ 20in dia Plate |-

= Micro

A}

o —
L———
ArraraTUS FOR PropuciNng COrONA AND M EASURING

SERrIES CONDUCTIVITY

Fic. 1

strength of oil due to high local voltage stresses, such as
might occur at sharp corners in a transformer, al-
though visible corona might not be present. Investi-
gzations were undertaken to determine this effect at
potentials both below and above corona voltage.
RESISTANCE MEASUREMENTS

A needle gap was used as a source of the high-voltage
gradients. This gap consisted of a sharpened 0.05
in. hrass rod spaced 12 in. from a ground plate. It
gave visible corona at 55 kv., r. m. s.
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burgh, Pa.

1. Seo Bibliography

Presented at the Midwinler Convention of the A. 1. E. Ii.,
New York, N. Y., February 9-12, 1925.

It was decided to try the resistivity of the oil as an
indicator of its quality. It seemed probable that any
reduction in the dielectric strength of oil would be
accompanied by a reduced resistivity. Various
methods of measurement were tried in an effort to find
one suitable. A microammeter with a sensitivity of
10-7 amperes per scale division was placed in the circuit
in series with the high voltage line (see Fig. 1) and
properly protected, the 60-cycle alternating current
passing through a condenser to ground and the direct-
current passing through ahigh inductanceand themeter.
A direct-current bias of 1000 volts was used, and the
direct-current across the needle gap measured. The
sensitivity of the meter was not enough for quantitative
results, but deflections were found and increased with
the voltage. No effect was noted at potentials lower
than that producing visible corona.
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DUCTIVITY

Fig. 2A is a detailed sketch of the electrodes used in measuring

-conductivity

Attempts to measure conductivity between a pair of
electrodes (Fig. 2) were more successful. These
electrodes were brass disks with rounded corners. They
were 114 in. in diameter, and 34 in. thick, spaced 0.10
in. apart. The supporting ring was made of hard
rubber, as were the tubes carrying the conductors to
the electrodes. The assembled gap was suspended in
the oil near the needle with the faces of the electrodes
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in the same vertical plane with it, and at approximately
the same level as its point.

The conduetivity of the oil was found by measuring
the current flowing when 1000 volts d-¢. was applied
across the gap. This current was too small to be
measured by available galvanometers. A novel type
of meter was suggested by Doctor J. Slepian. This
proved to be satisfactory for the service required. ‘I'he
circuit for it is shown in Fig. 2. It consists of a con-
denser C in series with a 1000 volt generator G and the
measuring gap. This condenser is shunted by a neon
glow tube and a switch S.

When switch D is closed and the generator is running,
a small current passes across the gap, through the
shunting switch and to ground. To measure this cur-
rent, the switch § is opened, and the time required for
the condenser to charge up to the glow voltage of the
tube is measured with a stopwatch. The tube glows
momentarily. The elapsed time is recorded. This
operation is repeated as often as desired.

The approximate conductivity is found as follows:
The generator was excited to give 1165 volts at the
terminals. The glow voltage of the tube is 325 volts.
The exact equation for the resistance, assuming it
constant is:

{ 1

"= E
log. (EL - K )

where

E, is the generator voltage

E, is the glow voltage of the tube

r 1s the resistance of the oil across the gap

C is the capacity of condenser C in farads

¢ 1s elapsed time in seconds.
As a first approximation, when E, is small compared
to E,, the current equation is, '

final condenser volts X capac_itX
time

Average current =

A

’l- = E[ _t_ and

average gap voltage
"= average current

E,-1/2E, E,—1/2E,
r = — 5 =

v a E. = C
butE,— 1/2E, = 1165 — 162.5 = 1002.5 volts.
Using 1000 volts the resistance is,
1000 t
325 C
This differs from the exact equation results by 1.1 per

cent. For a capacity of 0.000115 microfarads and a
time of one second, the resistance would be approxi-
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mately 2.67 x 10" ohms.  Converting this to resistiv.
ity with the assumption that Ohm’s law holds, the
resistivity per inch cube with the above conditions

would be,
(1.5)
4 %< 0.1

This is resistance measured in one second. Sixty
seconds seemed to be about the limit of time for good
results. This corresponds to a resistivity of 2.8 x 10
ohms per inch cube. This method was simple and
rugged, and gave the required degree of accuracy.

In operation, the disconnect switeh (Fig. 2) was
opened. The desired stressing voltage was impressed
on the needle-gap for a period of time. Tmmediately
after removing this voltage, switch ) was closed, and
measurements of resistivity taken as indicated above.

X 2.67 x 10 = 473 x 10" ohms.

Di1ELECTRIC TESTS
The actual dielectric strength of oil subjected to
high local stresses was tested with a Westinghouse
standard test-cup (sharp-cornered disk electrodes, one
inch in diameter, spaced 0.10 inches apart.)
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Resistivity measured with 1000 volts across | 10 inch gap

A sample of oil was drawn from the vicinity of the
needle immediately after the stressing voltage was
removed, and tested for breakdown, an average of five
or more breakdowns being used.

EXPERIMENTAL RESULTS

A series of tests was made on Wemco A transformer
oil. This oil had been used for miscellaneous testing
purposes previous to these tests, but still had a dieleec-
tric strength of about 33-kv -r. m. s., which 1s an indi-
cation of good oil.

Fig. 3 shows the variation of resistivity with the
stressing voltage, the voltage being applied for 15 min.
Note the dip at 80 kv. and the lack of effects helow
55 kv, the corona potential.

Fig. 4 indicates the way in which the resistance varies
with time after the stressing voltage is removed. The
shapes of these curves vary considerably with individual
tests. However, they all show: 1. That the low
resistance is only temporary: 2. that a resistance meas-
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ured about a minute after stressing voltage is removed,
is about as accurate as a resistance measured during
stressing, since in general, the time-resistance curve
approaches the zero-time axis nearly at right angles to it.

Fig. 5 shows the extent of the affected region around
the needle. The curve shows that the effect of corona
is very decided to a distance of one foot under the
conditions of test. Since the effects observed last over
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a period of minutes, it would be very unlikely for them
to be highly localized, as there would be a spreading
due to diffusion.

Fig. 6 indicates the effect of time of application of
the high gradient on the dielectric strength of the oil,
showing that most of the lowering of the dielectric
strength occurs very quickly.
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The variation of dielectric strength with stressing
voltage is shown in Iig. 7. The eflects are not notice-
able at voltages which do not produce visible corona,
but hecome pronounced at higher voltages. The hump
in the eurve at 100 kv. is discussed later.

The following table brings out very emphatically the
temporary nature of the corona elfects.  IFor each of
the three tests, the strength of a sample was measured
in the test cup.  Then a stressing voltage was applied
to the needle gap for the indicated time. Two samples
were then taken from the region near the necdle.
One was given a dielectric test immediately.  The other
was tested after 15 min.  In cach test, the lowering of
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the dielectric strength disappears entirely, and an
actual improvement occurs. -

TInitlal | Stressing |  Tim: Resulting | Breakdown
breakdown kv.r. m.s. applied hreakdown | after 15 min.
32.8 120 15 min. | 29.4 39.6
29.6 100 | 15 min. | 26.4 30 8

100 1 hr. 25 0 30 .2

29.6

Attempts to find permanent effects on the oil due to
the stressing voltage were unsuccessful. The con-
ductivity of samples taken before and after stressing,
was measured accurately several days afterwards.
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The percentage of unsaturates was also determined.
The only variations in these quantities were such as
could be accounted for by ordinary experimental error.
The water content seemed to gradually decrease as the
tests progressed, but varied with the number of tests
rather than as any function of the stressing voltage.

ACCURACY OF RESULTS

It is not the desire of the writers to give an impression
of great accuracy in the quantitative results obtained.
As in most tests with dielectrics, the variations were

wide. To a certain extent, tests used in producing the
407 T 1
o)
= |
9 e W - A
—930 T /_‘-‘-—“-.
4 \ [
& E ;
z20
(&
O
S |
@10 +—1
[e2] | 1
® |
= ol—i 1 1 | -
0 20 40 60 80 100 120 140
KILOVOLTS APPLIED ON NEEDLE FOR 15 MINUTES
ig. 7 --Tur Brerer or Hion Locan Vouraar STRES8E8 ON

rar Dicneerrie STreNaTH oF Transrorvgn O

curves are selected tests. However, the tendencies
and shapes of the curves are definite and are found in
practically all of the tests made. It is this rather than
the quantitative results which should be emphasized.

Discussion

Certain parallels may be drawn between the ellects
of corona in oil and the phenomena of ionization in air.
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The conductivity in both eases must result from the
presence of charges capable of moving. 'The normal
conduetivity in air is due to a very few ionized particles
which are always present. The normal conductivity
of oil might be due either to the transfer of electrons
from one metal electrode to the other across conducting
particles, or to the presence of positively and negatively
charged ions in the oil or of the oil, migrating due to
the electric field. As the voltage stress becomes very
great, molecules may be torn apart into plus and minus
ions. Due to the relatively high viscosity, and the high
molecular weights, the diffusion rate, and consequently
the rate of re-combination of the charged particles and
their rate of migration in an electric field, is very slow.
This would account for the persistance over a period
of minutes of the eflects noted.

As to the effects on the dielectric strength: In air,
the dielectric strength i1s hardly affected unless the
lonization is intense enough to produce space charge
and disturb the voltage gradient. In oil, the ionization
necessary to produce a space charge will be much less
since the mobility of the ions is so low. No attempt
has been made up to the present to determine mathe-
matically the possibility of space charge with the
degree of ionization found in the experimental results.
It should be possible to do this, and it will be attempted.

The ‘“hump” mentioned in the curves of kv. vs.
resistivity and kv. vs. dielectric strength (Fig 3 and
Fig 7) was unexpected. When the first curve of the
dielectric strength was determined, a smooth curve was
drawn with a downward curvature, assuming the100-kv.
value as high and the 80-kv. value as low. However,
when the run was repeated several days later, a curve
identical to the previous one was obtained. The same
hump was later found to exist in the resistance values.

One plausible explanation of this hump, and one
which 1s presented because no better one appears,
follows.

Tests made with oil of low water content did not show
the decided dip at 80-kv. It is possible that the size
of water particles are such that they migrate rather
rapidly at the 80-kv. value, so that they exist in the
concentrated electric field in rather large numbers,
thus affecting the breakdown. At the 100-kv. point,
the migration may be so rapid near the needle that the
water content is reduced. Unfortunately, the water
content was not determined for the tests referred to,
and the oil was later destroyed.

CONCLUSIONS

The above tests allow certain definite conclusions
to be drawn:

1. That, with the type of needle gap used, no
appreciable effect on the eleetrical characteristics of the
oil occurs below the point where visible corona starts.

9. That above this potential, a phenomenon similar
in some respects to ionization in air, occurs with oil.
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That with the sample of oil used, the resistivity
and breakdown do not continually deerease as the
stressing voltage is increased.

4. That the eflfects noted are produeed in a very few
minutes and are temporary in nature,

5. That, since the effects deseribed in this paper all
occur only at voltage stresses which produce visible
corona, they do not exist in properly designed com.
mercial apparatus.
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FIRST INSTALLATION
“DIRECTOR” TELEPHONE EQUIPMENT

The first public central office telephone installation
using the ‘director” type of automatic switching
equipment was successfully ecompleted November
fifteenth, at Havana, Cuba. The equipment was
manufactured by the Automatic Electric Company of
Chicago, and installed by them in co-operation with the
engineers of the International Telephone and Telegraph
Corporation, New York.

The “director,” installed as an adjunct to the Strow-
ger system, permits the dissociation of the numbering
scheme from the trunking plan, and thus affords all of
theadvantagesof tandem trunking without consideration
of hmitations sometimes imposed by directory numbers.
In this and certain other respects it serves a purpose
similar to that of the “sender’” equipment used in con-
nection with the Western Electric Company’s panel
type machine switching system.

While the advantages to be derived from the use of
the director are fully demonstrated only in the conver-
sion of large networks from manual to automatic
operation, frequently substantial economies in trunking
are afforded by its adaption to certain offices or certain
parts of existing automatiec networks. This was the
case in connection with the Havana project, in that the
installation of ‘‘directors” in two suburban offices
serving adjacent areas permitted the routing of traffic
to or from the city network over a common group of
trunks, and at the same time permitted the establish-
ment of a universal numbering scheme —Committee on
Communication.

Recent statistics indicate that the sale of tungsten
filament lamps (exclusive of miniature lamps) in the
United States during 1924, aggregated 252,000,000
lamps. This indicates a gain of about 215 per cent
over the sales of 1923. :

The sale of carbon lamps on the other hand has
decreased to about 1,000,000. This is less than one

half of one per cent of the total sales of large lamps
during 1924.
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Polarized Telegraph Relays
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BY J. R. FRY!

Non-member

Synopsis.—This paper is lo discuss two forms of polarized
telegraph relays which have been developed by the Bell System
and applied originally to the melallic telegraph system. One of
these relays was designed primarily for operalion under severe and
exacling circuit conditions and the other for application generally.
Both relays are of the same general construclion except that the
former is more sensitive than the lalter and is furnished with an
auziliary accelerating winding. Furthermore, this relay has in-
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corporated in it certain refinements in construction and matertals,
which cause it to be extremely sensilive and to give reliable service
for a comparatively long period without attention. The con-
struction is of spertal interest in that the polarizing force of the
permanent magnet is neutralized by the mechanical restraining
force of the armature. A magnetic material having characteristics
well swited to relay design and a new conlact material are employed,
which greatly improve the operating characteristics of the relay.

INTRODUCTION

HE development of new types of sensitive polarized
T relays, for use in the Bell System, was undertaken

as a result of a demand which arose in connection
with the development of the metallic polar-duplex tele-
graph system. A paper on this system 1s being pre-
sented at this session.? Later these relays were applied
to the carrier telegraph systems,* one of which is being
described in a paper at this meeting.

A number of polarized relays, manufactured in this
country and abroad, were experimented with and
found inadequate, in certain respects, for application
to these systems without extensive modifications. For
satisfactory performance, it was found that the relay
should meet the following general requirements: 1.
Have a high degree of sensitivity, 2. Retain adjustment
for a long period, 3. Faithfully and accurately repeat
signals with a small amount of maintenance.

From the standpoint of sensitivity, the relay is
required to operate on reversals of line current of a
minimum of one milliampere and at the same time
obtain proper impedance characteristics without ex-
ceeding practical limits in the dimensions of the wind-
ings. Over small-gage cable conductors having large
mutual capacity and high resistance, the wave-shape
of the received current is- badly distorted. This
wave-shape, in addition to the magnitude of the current
available, makes more drastic the requirements for
sensitivity. It is interesting to note that, under
average conditions, the ratio of power controlled by
the contacts in the local circuit to that required by the
line windings, is about five thousand to one.

In the case of main-line telegraph relays, it is essential
that no considerable changes in length of signals take
place as such effects are generally cumulative over long

1. Bell Telephone Ladoratories, Incorporated, NewYork,N.Y.

2. American Telephone and Telegraph Company, New York,
N.Y.

3. Matallie Polar-Duplex Telegraph System for Long Small-
Gage cables. J. I. Bell, RR. 3. Shanck and D. I£. Branson.

4. “Carrier Current Telephony and Telegraphy’” by E. H.
Colpitts and O. B. Blackwell, TransacTioNs of the A. [. . K.,
1921, page 205.

Presented al the Midwinter Convenlion of the A. I. E. E.,
New York, N. Y., Feb. 9-12, 1925.

circuits, where several relays are employed in repeating
signals. As contrasted with relays used for circuit-
switching purposes, telegraph relays are called upon to
function continuously under severe conditions, and to
perform successively hundreds of thousands of times in
a few hours.

In order to furnish a good quality of telegraph serv-
ice, it is essential that very few relay failures occur
during service periods. If this is not accomplished,
considerable valuable circuit-time is lost and the
relay maintenance expense becomes an excessive factor
in the cost of giving service.
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DESIGN FEATURES

The relay which has been designed to meet the fore-
going requirements is shown in Fig. 1 and is known as
the 209-F A relay.

A polarized relay is fundamentally different in its
operation from the ordinary neutral relay, in that it is
selective to the polarity of the operating current and is
more sensitive in its operation. A type of magnetic
circuit was chosen which, it was felt, would best lend
itself to obtaining a relay which would meet, as com-

pletely as possible, all of the requirements above
outlined.
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Fig. 2 shows the magnetic circuit and the arrange-
ment of the relay elements. It is seen to consist of a
Wheatstone-bridge type of magnetic circuit in which
the four equivalent air-gaps, two upper and two lower,
may be considered as the four arms of the bridge with
the permanent magnet placed across two opposite
corners of the bridge and the armature and windings in
the position customarily occupied by the galvanometer.
The operating windings are placed over the armature in
the form of a single stationary spool, sufficient clearance
being provided to allow the armature to move within
the spool. The paths of the polarizing and operating
fluxes are shown by the solid and dash lines, respect-
ively, for the armature in its midway or neutral
position. When the armature is in the midway
position there is no polarizing flux through it, since it
connects two points of the circuit of equal magnetic
potential; as it moves toward the left pole-piece, the
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polarizing flux flows through it in a direction assumed
to be positive and when it moves toward the right
pole-piece, the polarizing flux flows in the opposite or
negative direction. The operating flux, in addition to
the two return paths shown through the yokes, has a
third path through the permanent magnet, but, sub-
stantially, none of this flux returns by this path due to
the high reluctance of the permanent magnet as com-
pared to that of the yokes. It is seen that these fluxes
ald and oppose each other in the four gaps in such a
manner as to produce a torque on the armature about
a point midway between the upper and lower sets of
air-gaps. With the direction of fluxes shown, the
armature would tend to move in a clockwise direction.
The forces established in all four of the gaps can be
utilized in moving the armature only when the armature
is movably supported at a point midway between the
upper and lower gaps. In the design of this relay, the
armature is not supported at this point, but is firmly
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clamped and supported at the lower gaps between the
yokes, non-magnetic spacers forming proper reluctances
to prevent short-circuiting the permanent magnet.
This method of suspension, of course, prevents the
forces established in the lower gaps from doing useful
work upon the armature, but the overall advantages
gained by this arrangement more than compensate for
the apparent loss in sensitivity. This method of
armature support permits of a more simple design of
the relay; it eliminates the use of pivots; it permits
the use of a single-spool construction instead of a two-
spool arrangement; it allows a more practicable adjust-
ment of the relay and more stable operation, and it
affords a simple arrangement whereby the stiffness of
the armature can be utilized to neutralize the polarizing
force acting on the armature, thereby increasing the
sensitivity of the relay as will be explained later in
greater detail.

The pull acting between the pole-piece and the
armature in each gap Is expressed, according to Max-
well's law, by the equation:

P: ¢7w+¢i>? — 1
87 S 87 S

where P is the force in dynes, ¢, is the polarizing flux
in the air-gap set un by the permanent magnet, ¢, is the
operating flux generated in the air-gap by the winding
(both expressed in maxwells), and S is the effective
area of the air-gap in sq. em.

This shows that the pull acting on the armature in
each air-gap is made up of three components: The first
term is the pull due to the permanent magnet and is the
force acting on the armature with no current on the
relay and is commonly spoken of as the polarizing
force. The second is the important component, as it is
the force which operates the relay; it is this component
which makes the relay selective to the polarity of the
operating current because its direction is dependent
upon the sign of ¢.. Since its magnitude is propor-
tional to the product of the polarizing flux and the
flux generated by the operating current it shows why a
high polarizing intensity is effective in obtaining a
highly sensitive relay. The third term is a pull on the
armature which would be the only one to appear if the
relay were not polarized and is of twice the frequency
of the second term.

_ As explained above there are two magnetic air gaps
In which forces are effective to produce motion of the
armatgre, and it is the resultant of these component
fqrces in the two air-gaps that controls the relay. In
Fig. 3 is shown how the resultant of the polarizing
components of force in the two air-gaps varies as the
armature is displaced in the air-gap. In the midway or
neutral position of the armature the resultant polarizing
fqrce on the armature is zero, but as the armature is
dlsplaced in either direction the force is one of attraction
of Increasing intensity between the armature and
pole-piece toward which the armature is displaced as

(d)pg + 2 (,bp d)i + d),-?
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shown by the solid line. The armature, being sup-
ported in cantilever beam fashion, will be resistant to
displacement from its midway position in the air-gaps
due to 1ts natural stiffness. This force of restitution
of the armature is opposite in direction or opposing to
the polarizing force as the armature is displaced from
the midway position and is proportional to the dis-
placement. If the armature is designed so that its
force of restitution is approximately equal to the polar-
izing force acting on it for all positions of the armature
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the sensitivity of the relay will be greatly increased.
Thus, in Fig. 3, if the polarizing force on the armature
were not in some manner neutralized, the work required
to move the armature across the air-gap would be
reprcsented by the area ABD. By balancing the force
of restitution of the armature against the polarizing
force on the armature in the manner described, the
worl necessary to move the armature across the air-gap
is reduced to the area represented by ACD. In
actual practice, the motion of the armature is limited
by the contacts rather than by the pole-pieces, and the
displacement of the armature between the contacts is
made small in comparison with the length of the mag-
netic air-gaps. Hence, the working range of the
armature displacement in the magnetic gaps is limited
to a short distance on either side of the neutral position
shown in Fig. 3, where a very close balance between the
polarizing force and restitution force of the armature,
can be realized. The armature is practically in a
floating condition and can he controlled by the applica-
tion of a small force. The advantage of neutralizing
the polarizing force on the armature by an external
force and thus Increasing the sensitivity of the relay
was pointed out by Mr. D. D. Miller of the Bell Tele-
phone Laboratories, Incorporated.

Fig. 4 shows how the resultant of the operating forces,
or the component represented by the second term of the
above discussed equation varies in the two gaps as the
armature is displaced in the air-gap. The condition of
constant strength and direction of current through the
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relay winding is assumed. It is minimum when the
armature is in the midway position and increases as the
armature moves toward either pole-piece. Its direction
may be either to aid or oppose the direction of the
polarizing component shown in Fig. 3, since it is de-
pendent upon 'the direction of the operating current.
It is this component of force which controls the opera-
tion of the relay under influence of the operating
current and it can be of small magnitude since it need
be only of sufficient value to upset the equilibrium of
forces shown in Fig. 3. The third component of force,
acting on the armature represented by ¢2 is of small
magnitude compared to the first two terms, but its
effect is to decrease the sensitivity of the relay and
increase the distortion and residual characteristics,
since its direction opposes the operating component
when the armature moves toward the neutral position
and aids it when the armature moves away from the
neutral position.

Thus it is seen that when the relay operates under
the influence of reversals of current through the relay
winding, both the operating and polarizing fluxes re-
verse in direction through the armature, which causes
the relay to be highly sensitive to the magnetic prop-
erties of the armature. The parts entering into the
magnetic circuit of this relay, except—the permanent
magnet—are made of an improved magnetic material
known as permalloy® recently developed in the labora- -
tories of the Bell System. This material has a very
low coercive force compared to customary magnetic
materials used in relays, resulting in almost complete
collapse of the operating flux when the magnetizing
force is removed. As a result, distortion of the re-
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peated signal is less, since the relay is less affected by
the previous state of magnetization to which it may
have been subjected by the preceding signal. On ac-
count of the higher permeability and the smaller re-
sidual effects of the material, the sensitivity of the
relay is increased. It is evident from Fig. 3 that if the
relay retains an appreciable amount of residual mag-

5. “Permalloy, a New Magnetic Material of Very Iigh

Permeahility” 1. D. Arnold and (3. W. Elmen. The DBell
Systom Technical Journal for July 1923. Page 101.  “Ilectrical
Communication”, April 1924.
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netism after the subsidence of the signal current, it
will cause the armature to become biased by upsetting
the balance between the polarizing and restitution force
and decrease the sensitivity of the relay on the succeed-
ing signal. Thus the use of this material results in
marked improvements in the operating characteristics
of the relay.

The relay is provided with six separate windings;
four are employed as line windings, and two as auxiliary
windings connected in a local circuit. The require-
ments of the metallic polar-duplex telegraph system
are such that the four-line windings should be mutually
balanced to a high degree both with respect to their
impedance characteristics and their operating effects
upon the relay. In order to meet these requirements
1t is necessary that each of the four windings have the
same number of turns and resistances and be sym-
metrically located with respect to thearmature and work-
ing air-gaps of the relay. This is obtained in practice
by spirally twisting four well-insulated copper wires
together and then winding as a single conductor on the
relay spool in the usual manner. On top of and con-
centric with the line windings are two conductors wound
in parallel. In the metallic telegraph system, these
two windings are used in a circuit to form what is
known as the vibrating or accelerating circuit, and this
circuit is controlled from the contacts of the same re-
- lay. This feature serves to reduce distortion of signals
by causing the relay to operate under the influence of
the current in a local circuit before the operating cur-
rent from the line at the time of reversal becomes suffi-
cient to move the armature. It also reduces the
armature travel-time and chatter and tends to make
the relay more sensitive in its operation.

The relay contacts are required to make and break
fairly large currents in circuits having large values of
inductance and capacity. On relays used in terminal

Fic. 5—ARMATURE ofF No. 209-FA REeLay

type repeaters, the voltage between one stationary con-
tact and the corresponding armature contact is 240
volts. - Due to the feeble currents which operate the
relay, the contact-gap must necessarily be small, which,
in practice, is adjusted to about 0.004 in. (0.10 mm.).
The work of obtaining an adjustment of this gap is
alded by marks on the capstan head of the contact
screws. It is highly desirable to have a relay the con-
tacts of which do not rebound or chatter as the arma-
ture breaks and makes contact. By eliminating con-
tact-chatter the relay will be capable of transmitting
signals at greater speeds and with less distortion, and
the life of the contacts will be increased. An extended
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study of the dynamic action of the armature at the
contécts was made with a view of diminishing or elim-
inating contact rebound. This is an old problem of
telegraph relay design and many efforts have been
made during the past to solve this problem satisfac-
torily, but most solutions proposed resulted in devices
or designs which were complicated and not adapted for
commercial use.

A practical design of armature was developed, which
is easy to manufacture and is effective in eliminating
contactrebound. This design is shownschematicallyin
Fig. 2 and by aphotographinFig.5. Themagneticpart
of the armature extends through the relay coil and is
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Upper curve—Armature of ordinary design
Lower curve—Armature of standard design

just long enough to reach through the working air-
gaps. The armature is extended to the stationary
contact screws of the relay by riveting on to it two
nickel-silver springs carrying the armature contacts.
These two springs are bent at the free end and ten-
sioned so that they touch and rest upon one another
with a fixed pressure between them. By this con-
struction the mass of the moving end of the armature
is kept as small as possible so that at the moment of
impact the tendency to rebound is thereby reduced.
When the armature contact strikes the fixed contact
one armature contact spring is displaced with respect
to the other spring causing the ends of the springs to
slide upon each other. This rubbing action tends to
damp out the rebound as the energy of impact is ab-
sorbed by friction between the two springs. Other
advantages gained by keeping the effective mass of
the armature small, are reduction in the travel time of
the armature and quicker time of response. In order
to prevent the armature from adhering to either pole-
piece, small nickel-silver disks are welded to each side
of the armature directly opposite to the pole-pieces.
Fig. 6 shows oscillograms of the current from the arma-
ture contacts with the relay in a terminal type metallic
telegraph repeater, operating full duplex. The top
wave shows the current from the armature contacts
w1th the relay equipped with an armature of ordinary
design, that is, having the contacts mounted directly
on the magnetic material which extends the entire
length of the armature. The lower wave shows the
same relay operating under identical conditions as




March 1925

above except that it is equipped with the standard design
armature shown in Fig. 5. The improvement in the
repeated signal of the relay is apparent both with re-
spect to contact chatter and travel-time of the relay.
On account of the high voltage, the energy content
of the circuits which the relay controls, the small con-
tact-gaps and the feeble forces available to operate the
relay, it was found that contacts made of material
usually found on telegraph apparatus would not with-

7—Puoto-MicroGRAPHS OF No. 209-FA RELAY ARMa-
TURE CONTACTS
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Right—DMarking contact
Left—Spacing contact

stand the large number of operations daily required
without excessive maintenance. This problem was
studied with reference to the contact requirements of
relays operating under the conditions imposed by the
various repeaters, and an alloy was developed which
is a decided 1mprovement. The use of this improved
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contact material extends the service period of the relay,
without contact failure, to approximately thirty times
over that with alloys previously used. Fig. 7 shows
photo-micrographs of armature contacts of a relay
which had been in service for 814 months without
being removed from service. This amount of service
iIs equivalent to each contact making and breaking
the circuit approximately 45,000,000 times.

One of the design features of this relay is the ar-
rangement which permits of the ready removal of the
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relay from the circuit. This feature is illustrated in
Fig. 8, which shows the relay with its cover attached
to a mounting plate and connecting block. The square
phenol-fibre base of the relay is provided with four
guide pins which definitely locate the relay with re-
spect to the mounting plate and the connecting block,
and is also furnished with 15 terminals on which elec-
trical connections to the windings and contacts of the re-
lay are terminated as shown in detail in Fig. 1. The
connecting block is the medium by which electrical con-
nection is established between the circuit and the relay.
It is fastened to the rear of the mounting plate, has the
same number of terminals as the relay, and the circuit
is permanently wired to these terminals. When the
relay is inserted into position on the mounting plate,
electrical contact between the relay and connecting
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: T
Marking Contact Spacing Contact
RetE— Screw

g :J
BB Pole Piece
™ _Pole Piece Locking Nut

Fig. 9—No. 215-A Porarizép RerLay (CoveEr REMOVED)

"block terminals is automatically established. Resilient

members fastened on the rear of the mounting plate,
engage into recesses in the four guide-pins and hold
the relay rigidly in position on the mounting plate.
In case of relay trouble, the relay may be quickly re-
moved and a spare relay inserted, thus keeping the
time of circuit interruptions to a minimum.

There are a number of places in these systems where
polarized relays are required, but which do not have
to operate under as exacting conditions as the relay
just described. For this purpose, a cheaper relay has
been developed known as the 215-4 relay, and this is
shown in Fig. 9. It employs the same type of mag-
netic circuit as the 209-F" A relay, and the same design
features of mounting and chatterless armature springs
are also incorporated. It does not have as refined ad-
justing features, nor will it operate on as small cur-
rents. It is provided with two balanced line windings.




228

APPLICATION AND MAINTENANCE

At the present time there are in operation about
2500 of the 209-type relays. Of this number, about
2000 are operating in the metallic telegraph system
and the remainder in the carrier telegraph systems.
These carrier telegraph systems make use of about
1000 relays of the 215-type and in the metallic tele-
graph system, about 2400 relays of this type are used.

Asaresult of field experience, it has been found that
the maintenance schedules for these relays can be ar-
ranged to cover long periods with practically no inter-
ruptions occurring in service. In terminal-tvpe re-
peaters and through-type metallic repeaters, this
period is for satisfactory relay operation, approximately
three months and six months, respectively.

Means are specially provided whereby these relays
may be checked or adjusted quickly and accuratelv
external to the telegraph repeaters; that is, the relays

10—REeLAY TEsT TABLE
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are adjusted to the best operating condition without
consideration of the telegraph circuit to which they are
to be applied. This arrangement, known as a relay-
test table, is shown in Fig. 10. These tests consist
of obtaining an inspection and adjustment for sensi-
tivity, differentiality, and freedom from bias. A local
vibrating circuit 1s also provided for testing the 209-
type relay so that it will function properly under the
influence of the vibrating circuit in the telegraph
repeaters.

The essential steps in adjusting a relay consist in
withdrawing the contact screws sufficiently to permit
inspection and cleaning. The pole-pieces are then
withdrawn so that the effect of the permanent magnet
upon the armature is made small, thus permitting the
armature to stand in its neutral position. Any for-
eign material may be readily removed from the work-
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ing air-gaps. Each contact-screw is then adjusted
independently so as to have a separation of 0.002 in.
(0.05 mm.) from the corresponding armature contact,
and this results in a contact travel of 0.004 in. (0.10
mm.). Following this, the pole-pleces are adjusted
so that the relay will respond without bias to 20-cvcle
a-c. ringing current of a magnitude about equal to that
available in the telegraph repeaters. In order to have
a margin of operation in the repeater, a d-c. sensi-
tivity test is given with less current than above. In
addition to the above a vibrating-circuit test on the
209-type is made. In general, the time required to
adjust and test a relay is about six minutes.

REVISIONS IN NATIONAL CODE

The Signaling Committee of the National Fire
Protection Association i1s now engaged in a general
revision of the ‘Regulations for the Installation,
Maintenance and Use of Municipal Fire Alarm
Systems,” and the resulting revised Regulations are to
be submitted to the N.F. P. A. annual convention in
May, 1925, for approval. This committee held a
meeting late in January, and have called a public hear-
ing on the changes provosed, to be held March 17, at
the rooms of the New England Insurance Exchange,
18 Oliver Street, Boston. All interested are invited to
present theirviews. Copiesof the presentand proposed
rules may be obtained from the National Fire Protec-
tion Association, 40 Central Street, Boston.

The last general revision was made in 1920, and was
finally adopted in 1922. Introduction of improved
methods and apparatus for current supply, circuit
protection, signal transmission and the handling of
alarms, have made it desirable to consider the adoption
of revisions in general classifications of fire alarm sys-
tems and the provision of detailed requirements which
are both more comprehensive and specific.

The Signaling Committee is also considering amend-
ments to the “Regulations for the Installation, Main-
tenance and Use of Signaling Systems, used for the
Transmission of Signals Affecting the Fire Hazard,”
which were last revised in 1919, and amended in 1923.
These include all privately owned fire alarm systems,
watch services, sprinkler supervisory systems, etc.

Mr. C. E. Beach, Consulting Engineer, Security
Mutual Building, Binghamton, N. Y., is the Chairman
of the Sub-committee on Municipal Fire Alarm Sys-
tems. Mr. G. S. Lawler, Chief Engineer, Associated
Factory Mutual Insurance Cos., 184 High Street,
Bostpn, Mass., is the Chairman of the Sub-committee
on Slgnaling Systems. Suggestions for revisions in the
respective Regulations should be addressed to these
gentlemen. Many members of the A.I. E. E. will be

interes.ted In one or the other of these Regulations.—
Committee on Communication.
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Power System Transients

BY V. BUSH!

Fellow, A. I. E. E.

Synopsis.—The steady state load limits of a power network
may be exramined by familiar methods of analysis. However,
the instability of a system with one or more elements
working close to these limits sets lower values of power at which
the system can be expected to give satisfactory operation under the
sudden changes in load or connections which it must successfully
sustain in operation. This paper presents methods for the analysis
of power systems under transient conditions.

A qualitative discussion of the problem is given, followed by an
outline of a point-by-point scheme of analysis which takes into
account the inertia of machines, field transients, etc. The value of
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this scheme depends upon having avatlable rapid methods of analysis
applicable to conditions prevailing at a given instant during the
transient. Therefore, there is also included a description of the
methods which have been found advantageous, notable among which
is a superposition method of solving systems by means of charts.
This is a powerful means of attacking complicated systems.
The method of point-to-point analysis is applied to specific types
of networks as examples. There is also given an extension of
approximate methods of analysis presented previously.

The paper is confined Lo the exposition of the methods of analysis
which we have found convenient and powerful.

INTRODUCTION

ITH electrically long transmission lines, the

e(' ultimate carrying capacity of the line and the

economic loading are of the same order. of mag-
nitude. Hence it becomes imperative to examine
carefully and in detail the maximum power limit of
such lines from technical considerations.

The problem is far from simple. If there were no
system disturbances to be considered, no voltage fluc-
tuations, no load variations, and so on, then a steady
state analysis, using, of course, long line formulas,
would readily give the load limits. It is when we at-
tempt to consider disturbances that matters become
complicated. Yet analysis is necessary, for while the
margin to be allowed between operating load and ulti-
mate steady-state load limit will always be a matter of
judgment, there must be available definite facts in
regard to the behavior of typical systems under the
application of definite assumed disturbances on which
such judgment can be based.

There are only three ways in which the knowledge
necessary for a proper judgment can be gained:

1. Mathematical analysis.

2. Test of laboratory models.

3. Experience.

We shall not, for some time, accumulate sufficient
experience with long lines operating close to their
theoretical power limits to enable proper engineering
margins of safety to be determined. So we must rely
upon analysis and test.

Each of these should be made as nearly a complete
treatment of the actual problem as possible, but neither
can absolutely reproduce the conditions of the actual
network. Test is limited because small machines can-
not have the same relations between their electrical and
mechanical constants as do large machines. Analysis
1s limited by the complexity of the problem. Asin the
analysis of all physical problems, something must be

1 Both of Jackson & Moreland, Engineers, Boston, Mass.
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approximated or assumed to make a solution possible.
Yet each mode of attack should be pushed as far as
possible in completeness. The economic importance
of the problem warrants taking great pains to omit noth-
ing from consideration that may be important. Analy-
sis and test are complementary. The final check of
theory is by test, and the final attack on the actual
problems of system design must be by analysis.

In general the problem before us is this: Given a
system of power stations connected by transmission
lines, and operating close to the steady state power
limits of some of its elements, how susceptible is such a
system to disturbances of the sort which it will encoun-
ter and which it should sustain without rupture? In
other words, what is the degree of stability of such a
network when subjected to disturbances of the types
likely to be encountered in practise? This problem 1s
best solved at present by showing in detail how the
system will react to certain definite assumed disturb-
ances of a nature like those to be encountered in prac-
tise. For example, how will the system perform if a
certain section of line is suddenly tripped out, or if a
generating unit is suddenly dropped off? The answer
to such questions is the definite guide needed to com-
pare different system designs, and give the basis of
judgment as to whether a given layout is satisfactory
for the service for which it is intended.

The factors entering the problem are very numerous.
The electrical constants of lines and machines are
involved as in a steady state solution. In addition,
during disturbances, the behavior of exciters, governors,
and regulators comes into play, and the mechanical
constants of machines as well as their electrical behavior
must be considered. In other words, we are concerned
not only with the. distribution and time variation of
voltage and current in the network, but also with the.
time variation of the air gap flux of machines, and their
mechanical phase relations.

BASIS OF ANALYSIS

During a power-system transient we have a suec-
cession of instantaneous states which occur in sequence,
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APPLICATION AND MAINTENANCE

At the present time there ave in operation about
2500 of the 209-type relays. Of this number, about
2000 are operating in the metallic telegraph system
and the remainder in the carrier telegraph systems.
These carrier telegraph systems make use of about
1000 relays of the 215-type and in the metallic tele-
graph system, about 2400 relays of this type are used.

Asaresult of field experience, it has been found that
the maintenance schedules for these relays can be ar-
ranged to cover long periods with practically no inter-
ruptions occurring in service. In terminal-tvpe re-
peaters and through-type metallic repeaters, this
period is for satisfactory relay operation, approximatelv
three months and six months, respectively.

Means are specially provided whereby these relays
may be checked or adjusted quickly and accuratelv
external to the telegraph repeaters; that is, the relays

10—RELaY TEsST TABLE

Fiq.

are adjusted to the best operating condition without
consideration of the telegraph ecircuit to which they are
to be applied. This arrangement, known as a relay-
test table, is shown in Fig. 10. These tests consist
of obtaining an inspection and adjustment for sensi-
tivity, differentiality, and freedom from bias. A local
vibrating circuit is also provided for testing the 209-
type relay so that it will function properly under the
influence of the vibrating circuit in the telegraph
repeaters.

The essential steps in adjusting a relay consist in
withdrawing the contact screws sufficiently to permit
inspection and cleaning. The pole-pieces are then
withdrawn so that the effect of the permanent magnet
upon the armature is made small, thus permitting the
armature to stand in its neutral position. Any for-
eign material may be readily removed from the work-
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ing air-gaps. Kach contact-screw is. then adjustgd
independently so as to have a separation of 0.002 in,
(0.05 mm.) from the corresponding armature contact,
and this results in 2 contact travel of 0.004 in. (0.10
mm.). Following this, the pole-pieces are adjusted
so that the relay will respond without bias to 20-cycle
a-c. ringing current of a magnitude ahout equal to that
availaple in the telegraph repeaters. In order to have
a margin of operation in the repeater, a d-c. sensi-
tivity test is given with less current than ahove. In
addition to the above a vibrating-circuit test on the
209-type i1s made. In general, the time required to
adjust and test a relay is about six minutes.

REVISIONS IN NATIONAL CODE

The Signaling Committee of the National Fire
Protection Association is now engaged in a general
revision of the “Regulations for the Installation,
Maintenance and Use of Municipal Fire Alarm
Systems,” and the resulting revised Regulations are to
be submitted to the N. F. P. A. annual convention in
May, 1925, for approval. This committee held a
meeting late in January, and have called a public hear-
ing on the changes proposed, to be held Mareh 17, at
the rooms of the New England Insurance Exchange,
18 Oliver Street, Boston. All interested are invited to
present their views. Copiesofthe presentand proposed
rules may be obtained from the National Fire Protec-
tion Association, 40 Central Street, Boston.

The last general revision was made in 1920, and was
finally adopted in 1922. Introduction of improved
methods and apparatus for current supply, circuit
protection, signal transmission and the handling of
alarms, have made it desirable to consider the adoption
of revisions in general classifications of fire alarm Sys-
tems and the provision of detailed requirements which
are both more comprehensive and specific.

The Signaling Committee is also considering amend-
ments to the “Regulations for the Installation, Main-
tenance and Use of Signaling Systems, used for the
Transmission of Signals Affecting the Fire Hazard,”
which were last revised in 1919, and amended in 1928.
These include ail privately owned fire alarm systems,
watch services, sprinkler supervisory systems, etc.

Mr. C. E. Beach, Consulting Engineer, Security
Mutual Building, Binghamton, N. Y., is the Chairman
of the Sub-committee on Municipal Fire Alarm Sys-
tems. Mr. G. S. Lawler, Chjef Engineer, Associated
Factory Mutual Insurance Cos., 184 High Street,
Bostpn, ).'Iass., 1s the Chairman of the Sub-committee
on SIgQallng Systems. Suggestions for revisions in the
respective Regulations should be addressed to these
gentlemen. Many members of the A I.E.E. will be

mteres.ted In one or the other of these Regulations.—
Committee on Communication.




Power System Transients
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Synopsis.—The steady state load limils of a power network
may be eramined by familiar methods of analysis. However,
the instability of a system with one or more elements
working close to these limils sets lower values of power at which
the system can be expected to give satisfactory operation under the
sudden changes in load or connections which it must successfully
sustain in operation. This paper presents methods for the analysis
of power systems under transient conditions.

A qualitative discussion of the problem is given, followed by an
outline of a point-by-point scheme of analysis which takes tnto
account the inertia of machines, field transients, etc. The value of

and

R. D. BOOTH!

Associate, A. 1. E. E.

this scheme depends upon having available rapid methods of analysis
applicable to conditions prevatling at a given instant during the
transient. Therefore, there is also included a description of the
methods which have been found advantageous, notable among which
is a superposition method of solving systems by means of charts.
This is a powerful means of attacking complicated systems.
The method of point-to-point analysis is applied to specific types
of networks as cxamples. There is also given an extcnsion of
approzimate methods of analysis presented previously.

The paper is confined lo the exposition of the methods of analysis
which we have found convenient and powerful.

INTRODUCTION

‘x TITH electrically long transmission lines, the
ultimate carrying capacity of the line and the
economic loading are of the same order. of mag-

nitude. Hence it becomes imperative to examine

carefully and in detail the maximum power limit of
such lines from technical considerations.

The problem is far from simple. If there were no
system disturbances to be considered, no voltage fluc-
tuations, no load variations, and so on, then a steady
state analysis, using, of course, long line formulas,
would readily give the load limits. It is when we at-
tempt to consider disturbances that matters become
complicated. Yet analysis is necessary, for while the
margin to be allowed between operating load and ulti-
mate steady-state load limit will always be a matter of
judgment, there must be available definite facts in
regard to the behavior of typical systems under the
application of definite assumed disturbances on which
such judgment can be based.

There are only three ways in which the knowledge
necessary for a proper judgment can be gained:

1. Mathematical analysis.

2. Test of laboratory models.

3. Experience.

We shall not, for some time, accumulate sufficient

experience with long lines operating close to their

theoretical power limits to enable proper engineering
margins of safety to be determined. So we must rely
upon analysis and test.

Each of these should be made as nearly a complete
treatment of the actual problem as possible, but neither
can absolutely reproduce the conditions of the actual
network. Test is limited because small machines can-
not have the same relations between their electrical and
mechanical constants as do large machines. Analysis
1s limited by the complexity of the problem. Asin the
analysis of all physical problems, something”must be
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approximated or assumed to make a solution possible.
Yet each mode of attack should be pushed as far as
possible in completeness. The economic importance
of the problem warrants taking great pains to omit noth-
ing from consideration that may be important. Analy-
sis and test are complementary. The final check of
theory is by test, and the final attack on the actual
problems of system design must be by analysis.

In general the problem before us is this: Given a
system of power stations connected by transmission
lines, and operating close to the steady state power
limits of some of its elements, how susceptible is such a
system to disturbances of the sort which it will encoun-
ter and which it should sustain without rupture? In
other words, what is the degree of stability of such a
network when subjected to disturbances of the types
likely to be encountered in practise? This problem is
best solved at present by showing in detail how the
system will react to certain definite assumed disturb-
ances of a nature like those to be encountered in prac-
tise. For example, how will the system perform if a
certain section of line is suddenly tripped out, or if a
generating unit is suddenly dropped off? The answer
to such questions is the definite guide needed to com-
pare different system designs, and give the basis of
judgment as to whether a given layout is satisfactory
for the service for which it is intended.

The factors entering the problem are very numerous.
The electrical constants of lines and machines are
involved as in a steady state solution. In addition,
during disturbances, the behavior of exciters, governors,
and regulators comes into play, and the mechanical
constants of machines as well as their electrical behavior
must be considered. In other words, we are concerned
not only with the distribution and time variation of
voltage and current in the network, but also with the.
time variation of the air gap flux of machines, and their
mechanical phase relations.

BASIS OF ANALYSIS

During a power-system transient we have a suc-
cession of instantaneous states which occur in sequence,
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each of which changes into that which follows. Actu-
ally there are an infinite number of such states and the
Lransition is entirely gradual. fowever, as done in
many mathematical devices, we may consider only a
finite number of such states occurring at finite intervals
of time. If the time interval is short, we may approach
the actual process in this manner as closely as is neces-
sary for accuracy. We practically choose a time
interval sufficiently short to avoid undue error, and as
long as is consistent with this condition, in order to
shorten the necessary computation. Hence analysis
of the transient behavior involves, first, the solution
of the network under the conditions prevailing at each
of these chosen instants, and second, a computation
of the manner in which the conditions determining
these instantaneous solutions vary with the elapsed time.

When a system passes from one instantaneous state
to another, the transition, so far as the transmission
lines are concerned, is accomplished by means of travel-
ing waves. These die out within a cycle or two. If
the chosen time intervals are large compared with
the time constant of the traveling waves, then the
conditions prevailing at each instant for given terminal
conditions on the line will be substantially the same as
though these terminal conditions were sustained. In
other words, the instantaneous solution for the trans-
mission line will be given by formulas applying to the
steady performance of the line as represented most
conveniently in circle diagrams.

In machines the case is scinewhat different. When
the terminal voltage on a synchronous machine is
suddenly altered in phase or magnitude, there is an
armature transient which lasts a few cycles only. This
armature transient may be neglected since it lasts for a
brief interval, and its effect, if taken into consideration,
would amount only to a minor correction to be applied
to the field current. After this has died out, conditions
in the machine are those given by curves giving the
machine performance for steady conditions, provided
they are entered with the actual values of field current
and angle which prevail at the instant under considera-
tion. The field current and angle change slowly, due
to the large time constant of the field circuit, and the
inertia of the machine; and, as we pass from one
instantaneous state to another these slow changes must
be computed and allowed for.

Therefore, if for any given instant we state the con-
nections and electrical constants of any network, the
flux of any connected synchronous machines, the rela-
tive phase angles between them, the characteristics of
any connected load, and the voltage and current dis-
tribution in phase and magnitude, we specify to a suffi-
cient degree of accuracy, the condition of the system
at that instant. If sufficient of these data are given
for a certain instant, we can solve the remainder from
the circle diagrams of lines and connected machines,
using these latter at the values of field current and angle
actually existing at the instant considered.
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OUTLINE O0F METHOD OF ANALYSIS

Belure going into the detail of conmul,agml of the
complete solution, let us consider qualitatively what
happens Lo a Lypical system during sudden load changes.

Consider a system consisting of a load supplied in
parallel from a local steam station and a hydro station
transmitting power over a long line which has synchro-
nous condensers at the receiver end. When a load is
suddenly applied at the receiver end of such a system,
the increment is shared in the first instant hetween (1)
the steam stations, (2) the synchronous condensers, and
(3) the line and hydro station. Each begins to drop
hack in phase at a rate depending upon the load incre-
ment applied and the moment of inertia of its rotor.
The field fluxes remain substantially unchanged during
the first instant, and then start to alter at a rate depend-
ing upon the constants of the field windings and upon
the rate at which armature currents are simultaneously
changing. After an interval the regulators act and the
variations of field current are, thereafter, influenced by
this new factor. The governors on the various units
also come into action after an interval, and the rate of
phase change of each machine is thereafter correspond-
ingly influenced by the increment shaft torque applied
by the prime mover as the throttle is changed in
position.

Preliminary consideration of the sequence of these
events show that at first all of the rotating equipment
on the system will start to change speed, and that the
apparatus which supplies the larger increment of load
In proportion to its kinetic energy of rotation, probably
the synchronous equipment nearest to the load, will
slow down most rapidly. In slowing down this equip-
ment so changes the phase position of its field structure
with respect to the terminal voltage that it delivers a
smaller and smaller load increment which eventually
passes throughzero. Itthen takespower until the excess
changes the direction of swing. Meanwhile the other
machines must deliver the deficit in power created by
the swing of the first machine, thus in turn carrying a
load which makes their rate of phase change greater, so
that they follow the first machine through a similar
cycle. In this manner synchronous apparatus on the
system oscillates about some power point. The con-
densers of course oscillate about the Z€ro power axis
and the generators tend to oscillate about their re-
spective governor characteristic curves plotted against
the time.

While this discussion relates primarily to sudden load
application, there is a similar sequence of events when
a generating unit is dropped at the receiver end of the
line, or when a transmission circuit is suddenly tripped
out. The methods of analysis presented are applicable
to any of these cases, or to three phase short circuits in
any part of the system considered.

Gl_‘"?“ 4 power system operating under known steady
conditions, and given a disturbance such as a change of
load or connections suddenly impressed on this system,
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it is desired to compute in detail the time variations
of all factors in the system in which we are interested.
There is an immediate change, first to be computed,
which follows directly after the start of the disturbance
and after the lapse of a very small interval of time.
This small time interval, a cycle or two, is sufficient for
the subsidence of traveling waves, and for the armature
transients in machines to have disappeared; but it is
insufficient for appreciable change in the relative me-
chanical phase angles of machines, or appreciable
change in the magnitude of the flux in machines.

This immediate change can hence be computed by a
solution based on the characteristics of lines and ma-
chines in which the given quantities are all the me-
chanical phaseangles and values of flux. These aresuffi-
cient to fix the system, and a solution then gives the
phase and magnitude of voltage and current every-
where, and hence the new values of power and reactive
volt amperes in each machine. We will assume for the
present that this solution is made, and later we will
return to specific examples, and show how such a solu-
tion can be obtained in a manner conveniently adapted
for the transient analysis. _

We now have the solution for the first instant after
the beginning of the disturbance, and hence the values
of power which appear immediately after the disturb-
ance in each machine involved. The difference between
these values and the initial values of power give the
power increments, plus or minus, on each machine. In
the first instant these increments are applied entirely
to produce positive or negative acceleration of the
rotors, and these accelerations may be computed, when
the speeds and moments of inertia of machines are
known, hy well known formulas.

If now this power increment remained constant, that
1s if the flux in the machine and its terminal voltage
guffered no further change in either phase or magnitude,
and if there were no additional power supply to the unit

. from governor action, we could compute its position

for subsequent times from

o t?

g~

Where « is the acceleration and # is the mechanical
change in angle. In making this computation, we may,
as noted helow, make as a refinement a correction for
the power consumed by damper windings. Of course,

' quantities do not remain constant in the manner indi-
' cated ahove, yet, if we choose a sufficiently small time

. made as small as we please.

' for it.

interval, the error in assuming them constant may be
In fact, even although a
small variation in the factors involved occurs during the
time interval, we may estimate the variation and allow
The accuracy in the estimate could be checked
presently, and in case of serious discrepancy, corrected
by a recomputation. It is possible though to avoid
the cut and try process involved in this estimate of

. power increment and this is in facl necessary if the
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analysis is not to become unduly laborious. The
superposition methods of analysis which are desqubed
below enable this to be done by a correction applied to
a characteristic curve.

In the first instant after the occurrence of a disturb-
ance, each machine will also have an increment qf
armature current. Due to the fact that the magnej:lc
linkages with the field winding cannot be changed In-
stantly the field current will also undergo a sudden
change. The amount of this change can be obtained
from the increment of armature reaction, since the total
magnetomotive force on the magnetic circuit of the ﬁe.ld
remains constant. In this computation allowance 1s,
of course, made for the incompleteness of coupling be-
tween armature and field circuits. It is sufficient to
use the increment of armature current in quadrature
to the induced voltage.

We thus obtain the value of field current in each
machine at the instant after the beginning of the dis-
turbance. If there were no further change in armature
current and in the absence of regulator action, we could
then compute the field current, and hence the flux, in
each machine for subsequent times. The field current
would return exponentially to its original value, the
decrement of the exponential being given by the time
constant of the alternator field circuit. In the first
short interval of time the regulators will not have acted,
so we can compute in this manner the flux in each
machine at the end of a chosen short time interval,
except for one effect. This is the result of further arma-
ture current change during the interval. Such change
produces a field current increment in exactly the same
manner as the initial change. This may be termed for
convenience the subsidiary field transient. It could be
allowed for as follows: Estimate the terminal voltage
at the end of the chosen interval, from the machine
characteristic determine the corresponding armature
current and armature reaction, and from this the sub-
sidiary field transient. Apply to this the field decre-
ment corresponding to half the time interval to allow
for the fact that the effect is produced continuously
throughout the interval at approximately constant
rate, and add the result, with proper sign, to the field
current ohtained from the previous computation.
Upon obtaining the next solution the estimate of voltage
could be checked. While this method of allowing for
subsidiary field transients would work, it is laborious in
that in involves a cut and try method. Again the
superposition method of obtaining instantaneous solu-
tions which we use in this transient analysis enable us
to allow for this subsidiary transient without using cut
and try methods. This will appear in the examples
which follow.

From the above we now have at the end of a chosen
time interval the values of flux in all machines and their
relative mechanical phase positions. It is hence
possible, by just the same methods employed for the
previous solution, to solve for the voltage and current

f
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everywhere in the system at the end of this interval,
We may then compute new power increments, and new
values of field current.

We then proceed with a second time interval. The
procedure is exactly as before with two exceptions.
First in eomputing the angular space travel of machines
in the second and subsequent intervals, we must not
only compute as before that due to their angular acceler-
ations in the interval, but must add the travel due to
the velocity which existed at the beginning of the second
interval with respect to a constant speed base. The
angle for the second interval is given from

(6 2 2

2

where V', is the angular speed at the end of the first
interval, obtained from
V] = CY][

except for the effect of power inerement during the
interval, allowed for as before. Second, it is necessary
in computing the field current change in the second
interval, to apply the decrement for the interval to the
total field current increment at the end of the first
interval due to both initial and subsidiary field tran-
sients, and to add on the curves the eflect of the subsi-
diary transient in the second interval.

Proceeding in this manner, we can compute the varia-
tion point by point with the time, of the voltages, cur-
rents, powers, and angles in the system. This is con-
tinued until sufficient data is obtained to make evident
the behavior of the system subsequent to the beginning
of the disturbance. During this process we will
shortly arrive at a lapse of time sufficient for the voltage
regulator to begin action. When this occurs we shall
need to add a new term in our computation of field
currents, namely the increment produced by the regu-
lator action on the exciter. This is obtained from a
curve of main field current against time after closing of
regulator contacts, drawn for the particular exciter
system involved. Mr. R. E. Doherty has developed
the form of these exciter transients in much detail!,
and we have checked many of his derivations. It
1s accurate for small increments with shunt wound
exciter and brushes on neutral to add the separate
effects of field decrement and exciter action. In other
words, the effect of exciter field built-up occurs, as far
as small increments are concerned, as though the field
current were otherwise stationary in value. The con-
sideration of compounded exciters requires that the
two effects be considered in combination by a cut and
try process.

It may even occur in the course of the analysis that
the terminal voltage of a machine will rise to a point
where the regulator contacts will again open. This is
taken into account by a curve very similar to the above,
again allowing a definite interval of time after arriving

1. R. E. Doherty, Trans. A, I. E. E., 1922,
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at the new voltage for the delay in opening of contacts
due to time lag of the relays. This 8 one or two-
tenths of a second, depending on the regulator design.

Another effect which occurs after an interval where
prime movers are involved is governor action. This
is readily taken into account, provided we know the
governor characteristics, by including with the power
inerement used in calculations of angular swing a new
increment, of the same or opposite sign, as the case may
be, due to governor action. For this we need simply a
curve for the governor giving additional power supply
to the unit against the time. It is in fact best to con-
struct this as we proceed, as the rate of response of a
governor depends upon the increment in speed, or the
total response depends upon the integral of the speed
change. This again is a matter requiring detailed
analysis of its own, and unfortunately ecomplete infor-
mation in regard to the behavior of all types of governors
1s not yet available in the form necessary. We have
been assisted in arriving at reasonable curves for gov-
ernoraction by certainstudiescarried out by the General
Electric Company. The action of steam governors is
especially important. The lag of hydraulic governors
1s 50 much greater that the power transient is usually
past its critical stage before they get into action.

From the above it is evident that point by point
analysis of this sort depends principally upon a proper
adaptation of methods of obtaining instantaneous solu-
tions under the conditions set up by the transient analy-
sis. Especially is it possible to proceed with facility
when the charts are so modified that cut and try
processes, both on power variation and on subsidiary
field transients, are avoided. We will, therefore, de-
vote much of this paper to the treatment of rapid
solutions under the pecuhar terminal conditions which
obtain where such solutions are a part of a transient
analysis. We will follow this by examples employing
the methods developed.

Experimental methods of studying transients, using
alternating current artificial lines, and small machines
to represent the various generating and condenser
stations, have been used by Evans and Bergvall to give
a means of checking theory. This is a valuable pro-
cedure which will undoubtedly be extended. When it
1s attempted, however, to obtain from such an artificial
system transient data which will apply directly to an
actual system, we encounter a difficulty in that the
relations between electrical and mechanical constants
and the relation between armature and field constants
cannot be made the same in a small machine as in a
large one. One way of avoiding this difficulty is to
replgce the small rotating machines by stationary phase
modlﬁers, and to then manually make the phase ad-
Justments and generated voltage changes indicated by
the point by point analysis. The artificial network
thep becomes simply a convenient means of arriving
rapidly at the steady state solutions necessary for the
complete analysis. This method of representing gener-
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ating stations in an artificial network has been de-
veloped by Messrs. H. H. Spencer and H. L. Hazen
at the Massachusetts Institute of Technology, and they
have written a paper to appear shortly describing the
apparatus and its use, so that it need not be further
discussed here. The advantage of the method, of
course, is that the solutions for points in a transient
analysis may be obtained more rapidly when com-
plicated systems are considered.

The refinements to be introduced in the transient
analysis are a matter of judgment, and experience with
the method soon shows the relative importance of
various factors. One point of this sortdeserves partic-
ular mention. During the progress of a transient the
speed of a machine will change slightly, and strictly
its characteristic as used in the solutions for instan-
taneous points should then be altered so as to apply to
its actual speed. We have found, however, that n
cases in which the disturbance was such as to approxi-
mately produce loss of synchronism the speed change
during the portion of the transient which must be com-
puted in order to predict results was usually well below
1 per cent, so that we have not considered this partic-
ular refinement necessary when treating transients due
to sudden disturbances.

DERIVED CURVES

For the solutions incident to this transient analysis,
the primary tools, or reference charts, are the character-
istics, preferably in the form of circle diagrams as shown
above, of generators, connecting lines and trans-
formers, condensers, and loads. From these are taken
off as needed in the course of the study of a particular
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transient problem, special curve sheets for rapid use
in obtaining solutions for a given point of time. These
are, for reasons which will appear below, most con-
veniently put in the form of plots of kilowatts or react-
ive kilovolt-amperes against electrical angle with
respect to some hase angle as reference, for lines, genera-
tors and condensers. T'he vector used as a base may be
the terminal voltage at some chosen point for steady
state normal load conditions. On each sheet is a nest
of curves for various terminal voltages. For a machine
it 1s also necessary to prepare a separate sheet for each
value of field current. Curve sheets of this sort are
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shown in Figs. 1 and 2 for a 20,000 kv-a. synchronous
condenser. Similar charts for.a line are shown in
Figs. 3 and 4.

These curve sheets are used by superposition methods
for obtaining solutions for a network where angles and
flux values are the known parameters. It has been
found desirable to put kilowatt and quadrature kilo-
volt-ampere relations on separate sheets, and treat them
separately rather than to attempt to superpose circle
diagrams themselves. The reason for this is that these
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solutions are made as a part of a transient solution and
because when done it is possible to avoid laborious
cut and try processes by a single alteration in the curve
sheets used in superposition. Upon superposing these
curves a resultant diagram is obtained satisfying all
power relations for the network, as well as a second
diagram which satisfies all quadrature relations. A
final superposition of these two gives a set of conditions
which is common to both, and hence is a solution of the
network under given conditions.
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This, in brief, is the scheme of the superposition
method. It is difficult to explain clearly in general
terms, but specific examples will be presented in some
detail, and in the course of this, it will appear why these
particular superposition methods, avoiding the necessity
of cut and try processes, have been adopted for the
solutions incident to this transient anralvsis.
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ExAmMPLES

The underlying theory of this analysis has been
presented in foregoing sections and it has been
noted that characteristics of machinery, and lines are
most readily introduced into the calculations in the
form of kilowatt vs. angle charts and reactive kilovolt-
amperes vs. angle charts. This modification of the
ordinary solution has been found desirable for two main
reasons: first, that the intersections obtained by use
of the ordinary charts were obscure, and second, that
refinements to introduce mechanical movement and
subsidiary transients in the fields were readily appli-
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cable to the new charts in such a manner as to elim-
Inate the cut and try processes otherwise incident to
the consideration of these factors.

The method of using these new tools will be illustrated
in examples. The first case will be very simple for the
purpose of presenting the general method, and because
of its simplicity will not involve all of the refinements
necessary for solutions of more nearly representative
systems. The other cases will consider more extensive
systems and will, we hope, present the method and
refinements in sufficient detail making the extension
to more complex systems apparent.

Consider first a system consisting of a generating
station of such dimensions that the high tension voltage
at the sending end of a transmission line is substantially
fixed in phase and magnitude, with a line transmitting
power from this station to a receiver point where a
condenser 1s operating to regulate voltage. Let us
determine the operation of the system upon the sudden
application of a block of load of constant kw. and kv-a.
at the receiver end of the line.

The characteristics used for the solution of the first
point are, Fig. 3, the receiver end power characteristic
of the line plotted vs. angle between the sending and
receiving end voltages, E, and E,, Fig. 4, the receiver
end kv-a. characteristic plotted also vs. angle between
E, and E,, Fig. 1, the power characteristic of the con-
denser for the known initial field excitation plotted
against electrical angle between the voltage of the im-
pressed field or the center line of field structure and the
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terminal voltage E,, and Fig. 2, the corresponding
quadrature kv-a. characteristic for the condenser.

Locate upon Fig. 3 the operating point of the line
before the application of the additional load x; then
place Fig. 1 upon Fig. 3 so that its 0° line coincides
with this point of operation. If the zero power point
of the condenser is also located at this point, the graph
indicates steady state power conditions. However,
since we are considering the application of an additional
load of x kw., place the zero power line of the condenser
on the load line equal to the total load as shown in Fig.
5. Initially, the power in the condenser is zero, so
that the angle between terminal voltage and field
structure Is zero. Thus, the vertical distance between
the displaced axes gives the angle between the voltage
at the sending end of the line and the field structure of
the condenser, which remains unchanged in the first
instant after the application of additional load.

It is apparent from Fig. 5 that the power require-
ments of the system independent of the reactive kv-a.
could be satisfied at any point on a locus indicated by
the intersection of characteristics of the line and the
condenser, for corresponding terminal voltages, shown
on the dotted curve. This fixed superposition applies
when the kw. of the load is independent of terminal
voltage E,.. In case of a load characteristic showing a
variation of kw. with E, it is sufficient to simply slide
the two superposed curves horizontally with respect
to one another, as the intersections are spotted in suc-
cession, keeping the total horizontal displacement equal
to the power in the load corresponding to the particular
voltage curves being considered. This same process
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applies to the consideration of quadrature kv-a. below.

Wg can, in very similar manner, satisfy the kv-a.
requirements independent of the power. In Fig. 6,
we have made a solution for kv-a. under the initial
conditions.

The conditions obtaining upon the addition of a load
of y kv-a. are as indicated in i tem:

The QOtted curve indicates the possible operating
range without regard to power requirements. It now
remains to simultaneously satisfy the power and kv-a.
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relations. This we can do by superposition of the two
resultant characteristics when plotted upon a common
base. We have chosen condenser angle and £, as the
determining characteristics, but in this example line
angle and E, could be used equally conveniently.

When the two preceding loci are thus plotted, we
obtain Fig. 8, the intersection indicating the operating
point for the instant immediately following the appli-
cation of load. Now knowing the receiver voltage and
the angle of the condenser, we can readily determine line

' angle, line power and the other information desired.
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The above indicates the approach to the problem but
certain factors have as yet been omitted from the solu-
tion. The first is the transient that occurs in the con-
denser field as the current in the condenser armature
becomes altered. The condenser characteristic used
above was made for a fixed value of field current. The
field transient may be taken into account by showing
this characteristic on a somewhat different basis. Let
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us compute, in advance, the change in condenser field
current due to transformer action per ampere change of
each component of armature current. Now construct
the condenser characteristic in such a manner that for a
constant terminal voltage the curve is not drawn for
constant field current, but at each point for the field
current which would obhtain, in accordance with the
c}.]an;,re of armature current in arriving at this point.
Smce this change of armature current for a given change
in electrical angle is definite both in power and kilovolt-
ampers for any particular terminal voltage, the resultant
change in exciting current which would have obtained,

BUSH AND BOOTH: POWER SYSTEM TRANSIENTS

235

is likewise definite. When in computing later points,
the conditions to be determined are for an instant at an
interval of time after some preceding known conditions,
the increment of field current is computed as a current
generated equally throughout the interval considered
and is then attenuated in a corresponding manner before
being applied. For convenience the time interval
chosen between computed points is taken equal, in
order to facilitate the computations and make curves
useful for more than one point. When the condenser
curves are thus constructed the solution will automatic-
ally be corrected to allow for the field transient in the
machine.

It may be noted that the above method of introducing
the field transient involves theassumption of field currents
in the condenser, which differ at each point of the chart
and do not correspond on the two characteristics.
However, since the operating point obtained as a solu-
tion is that point at which the condenser angle and
terminal voltages are identical on the two character-
istics, the field currents involved on each characteristic
at the intersection will be identical and correct for the
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conditions obtained as a solution.
on the curves would this obtain.

Let us now determine the conditions obtaining after
a short interval of time £. The rotor of the condenser
has now made an angular movement of 8 deg. given by,

' 0° = wt+ Va2
where «, is the acceleration due to power increment at
the preceding point, and w is the relative angular
velocity at the beginning of the interval; zero in this
case, but to be included for later points. Also the
field current increment at the preceding point will have
attenuated to a new value, even if the armature current
has remained unchanged during this time ¢.

First construct condenser characteristics for the new
attenuated value of field current, correcting the curves
as before to the field current that would obtain at any
point that involves an armature current other than
found for the last-known condition of flux.

. This curve will now be used in conjunction with the
line characteristic in a manner similar to computations
for the initial conditions; except that since the rotor has

At no other points
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been slowing down and has moved the distance 6 be-
hind synchronous speed position, the pole pieces of the
condenser have now assumed an angle equal to the angle
of the preceding point plus the angle of travel. Thisis
shown in Fig. 9. It will be apparent that the con-
denser may be delivering or receiving power at the
. end of this interval different from that at the starting
time, and that the movement due to this additional
accelerating force during the interval considered, has
not been incorporated in the calculations. This is done
by moving each point of the characteristic curves by
an angle ,. Since the difference in power between that
delivered at the preceding point and the new is variable
during the time interval, we must consider a resultant
acceleration. If we assume the variation of power to
be linear with time during the short interval, we find
that

02‘—“ —1~a2t3
: 6

where «; is the maximum acceleration due to an addi-
tional power increment during the period, and corre-
sponds to the difference in power delivered from the
condenser at the successive time intervals. Hence,
after choosing a given time interval, we can compute
what additional movement the rotor would complete
during the interval by considering the power at the pre-
ceding point as a base and computing the maximum
acceleration which would obtain at any other power as
that created by the difference between that power and
the power at the preceding point. The additional
movement due to this is then added to the electrical
angle of the condenser for each point on the character-
istic. This may be most readily done by merely ro-
tating the axis of the power characteristics by the proper
amount about the power point of the preceding interval,
and then replotting the characteristic by measuring
ordinates from this displaced axis. The same change
in ordinate for each electrical angle of the condenser
and terminal voltage is added to the kv-a. character-
istic of the condenser.

Where damper winding effects are important theycan
be introduced into the calculations at this point. Since
these effects are induction motor action which is a
function of the difference between the angular velocities
of the rotor and the impressed voltage, we have the
data for computation of this action. This will be
facilitated if we consider this action to be the resultant
of a constant slip velocity equal to the wvelocit
w + 15 a; t, plus a variable velocity equal to 14 . £,
Since this variable element can be expressed as a func-
tion of power at the end of the interval in a manner
similar to space travel we can predict the damper
winding effects that would obtain from operation at
any point and add these effects to the characteristic
of the synchronous machine in the manner indicated for
power change in the interval.- The field windings of
the machine will give us similar effects, but in compu-
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tations made for typical cases we have found these
negligible.

Succeeding points are now computed in similar
manner and the progress of the transient mapped out
point by point. After sufficient time has elapsed for
regulator action to begin, the fleld current increment
due to this cause is also added in at each point, taken
from a curve for the regulator used on the condenser.
The process is continued until sufficient information
Is obtained to determine whether the system will or
will not lose synchronism, and how much voltage flue-
tuation is involved.

From the above the method undoubtedly appears
more laborious than it really is, although it is admittedly
not simple, the problem being inherenily complex.
Yet in applying the superposition method, many short
cuts will be seen; the necessary portion of character-
1stics only need be plotted, etc. For a system such as
above considered, after the circle diagrams and first
angle charts are prepared, two practised computers
may readily determine the effect of a given disturbance
in a day. Of course more complicated cases take much
more time.

Let us now apply these tools to more complex
syvstems. Consider the system shown in Fig. 10. For
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simplicity consider the system broken into two portions
as indicated by parts 4 and B. We can prepare
characteristics for the part indicated as A which will
show independently the power and kv-a. characteristics
of the line and generator at the receiver end vs. the
angle between the voltage at the receiver end of this
system and the voltage of the impressed field of the
generators. This can be prepared quite easily in the
manner outlined below for computations of the ap-
proximate analysis. These curves, in the form of
constant field current characteristics, can readily be
applied to any case by choosing points from curves of
proper values of field current to make up the character-
istics which include the subsidiary transients. These
subsidiary effects of changing armature currents can
be applied to the characteristics in a similar manner to
that used for condensers in the previous example. It
will be noted here that the curves are plotted in terms
of receiver values whereas the factors which enter into
the computation of the field changes are sending-end
values. These sending-end values are quite easily
obtained when the equation for sending-end current is
noted.

I,=C,E, +D,I,
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For any characteristic at constant receiver voltage, we
may compute the change in sending-end current by
multiplying the change in receiver-end current by D,.
Hence the constant D, may be incorporated with the
transformation ratio of armature to field of the genera-
tor to make it a vector ratio of receiver-end current to
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Mid Point
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Receiver End
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field current. In this case we must compute and include
the angular swing of the hydro generators as well as of
the condensers. This is handled in the same manner
for each, computing with respect to a constant speed
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consideration. The rate of swing of condensers and
generators will not be the same, so each is computed
separately, and this shift changed accordingly at each
point. In this example the movement of the rotor of
the turbo generator due to governor action, must also
be considered. The unbalanced force to produce
acceleration is the difference between electric and me-
chanical shaft torques. The details of this computation
of the variation of mechanical shaft torque need not be
discussed further at this point.

With these slight modifications we have now reduced
our data for this system to a form similar to that used
in the first example and no difficulties of solution should
be found.

Let us now consider a system that involves trans-
mission lines sectionalized by condensers as indicated
in Fig. 11. The treatment of this case, if modified
slightly, will also apply when the mid condenser is
replaced by a generator, or generator and load.

The method of attack on this problem is similar to
that used for previous cases, but is more involved as the

base. With these modifications the portion of the present example has one additional degree of complexity.
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.  Recciver Power Characteristic of Generator and First Section of Line

h. Power Characteristic of Condenser No. 1

c. Power Characteristic of Second Section of Line

d. Power Characteristic of Condenser No. 2 and Steam Generating
Station

system shown in A can be readily handled in a manner
similar to that of the preceding case.

'1"he portion B of the system can be reduced to gn
equivalent single electric machine plus a load by adding
together, as we compute each point, the characteristics
of the steam generator and the condenser for equal
?‘ngle .displacements at the same terminal voltages.
I'his 1s qccomplished by superposing the individual
charactenstics with a shift in the direction of the axis
of angles of an amount given by the angular displace-
ment of the machines as computed for the instant under

‘ '.I‘he necessary tools for this solution are character-
1stics similar to those previously used. The power
characteristics are shown in Fig. 12. It will be under-
stood that these are to be modified as in previous cases,
to take care of increment power and subsidiary field
Lraqsnents in the interval under consideration.

Fig. 12A is the receiver power characteristic of the
hydro-generator and the first section plotted against
angle between the voltage of the impressed field and
Lhe voltage at the mid point [7,,. This is similar to one
of the characteristics used in the preceding example.
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Fig. 128 is the power characteristic of the condenser
installation No. 1, plotted against the angle hetween the
voltage of the impressed field and the terminal voltage
E,.

Fig. 12¢ is a plot of both the sending and receiving
power characteristics of the second section of the line
against angle between E, and E.. This figure, for
simplicity, shows but one set of terminal voltage
conditions.

Fig. 12D is a summary plot similar to 128 for both
the condenser No. 2 and the steam generator.
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When the various angles between the field structures
of machines are known, it will be sufficient to show the
manner of obtaining the solution at a given instant.
From an examination of Fig. 18, it will be apparent that
the power conditions will be everywhere satisfied for
any set of terminal conditions given by an arrangement
of the charts as shown. The kv-a. conditions could
be similarly treated, but in order to obtain good inter-
sections in this particular type of system it has been
found advantageous to adopt a slightly different method
than used in previous examples, although it will be ap-
parent that a similar group of charts could have been
set up for solutions for reactive kilovolt amperes.

The power charts are moved in position, keeping the
relations shown in Fig. 13 always satisfied, and from
each grouping of the power charts we record the power
and angle of each of the component charts together with
the terminal voltages assumed. We now tabulate with
this material the kilovolt-ampere wattless component
which would be required in each of the two condensers,
as determined from line charts, in order to make con-
ditions fixed by these power relations an actual operating
condition. This then provides us with a tabulation of
fequ-ired wattless component of each of the condensers
against terminal voltage. We also have a tabulation
of terminal voltages, fluxes and internal angles of these
same machines as specified by the power components
of the condenser output. Since each of these sets of
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data specify the condenser conditions, we now have a
means of determining the operating point by finding the
point at which the specifications of operating conditions
from power and wattless components of load are iden-
tical. Since condensers one and two must simul-
taneously satisly these requirements the solution may
not be immediately apparent and will be briefly
outlined.

Plot the required condenser actions as in Figs. 14a
and 148. Fig. 14A shows the required input to the
mid point condenser for various receiver voltages F,
plotted vs. E,, and 14B in a similar plot for the condenser
at the receiver end. We have also shown on these plots
the kv-a. characteristic of the corresponding condensers
for various angles between the pole pieces and the termi-
nal voltages. The above figures show graphically what
condenser angle will be required at each station for
various combinations of mid point and receiver voltages
as specified by reactive kv-a.-relations. Since the
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