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PREFACE

It has been our aim to provide the Virginia Polytechnie
Institute's electrical laboratory with a portable synchro-
scope which would be particularly adapted to the laboratory
needs, “e have put forth an honest effort in our work, and
although nine months is a short time to make a study of any
subjeet of this nature, we feel that ve'havo accomplished a
great deal and it is with a feeling of pride that_we submit
the results of our work.

In order to thoroughly understand the meaning of this
thesis we suggest that the reader pay particular attention
to the diagrams and sketches, |

We wish to make grateful acknowledgement to all those
who, by their generous counsel and comstructive eriticism,
bave helped us in obtaining our objective. We especially
wish to thank Professors Claudius Lee, C. W. Hoilmean, and
Bs M. Widner of the department of Zleetrical Engineering
and ¥r, Phillips of the Electrical Fngineering laboratory

for their advice and assistance.
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Introduction

The prineiple of the synchroscope is not essentially a
modern development, However, although it is not as common as
some other electrical instruments and meters, it is a very
neceasary plece of apparatus to every power plant and elece
trical laboratory.

Sinece the beginning of the use of alternating current
machinery it has been necessary to provide some metheod of tye-
ing in 2 new alternator to the bus bars without shutting down
the operation of the whole system, This created the need for
some device for detemmining when synchronization®* between the
incoming eand running alternators was reached, The synchroscope
has provided a means for tying in a new alternator to the bus
bars without interrupting the service, There are many types of
synchronizing devices, but time doee not poinit us to make a
complete study of each type; sccordingly, we are endeavoring
only to deal with what we consider to be the most important

types,

(*) ‘Two circuits are in synchronism whem they have the
same frequency and their voltages are in phase,
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Description of the Operating Prineiples

A synchronism indicator is essentially like a small bi-
polar, two-phase, synchronous motor. Its componment parts are:
a rotor, an electromagnetic stator, an external resistance,
and an external inductive reactance., The stator is built from
laminated iron and it is execited by a continuous winding sup=
plied with a uﬁgle-phan current from the station bus. The ro=
tor is mounted on bearings and it earries two windings separated
from each other by ninety degrees, and joined together at the mide
dle. The outside end of each eoil, and the junction of the in-
side ends are comnected directly to slip rings. The junetion of
the rotor coils is connected directly to one lime of the incoming
alternator. The outside end of one rotor eoil is connected
through the external resistance to a second line of the incoming
alternator, and the outside end of the other rotor coil is con-
nected through the external 1nduct1uv reactance to the same line
of the 1nconiing alternator. The reactance coil ie as near free
from resistance as possible and its impedance is equal to the
impedance of the pure resistance coil. This enables the current
in the reactance to 1&3‘ the current in the resistance approxe
imately ninety degrees., It is impossible to comstruct an impedw
ance coil which is absolutely free from resistance, and, therefore,
the current will lag slightly less than ninety degrees.

When in op-i-ation the stator sets up an alternating field
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around the rotor. This flux lags about ninety degrees behind
the electromotive force of the bus bars, because the exciting
current has that lag due to the comparatively high inductance
of the field windings., The windings B and D of the rotor (Fig. 14A)
each set up a field too. That generated by coil B (which is in
series with the external resistance) is practieally in phase
with the electromotive force of the inecoming altermator, because
the impedance of that circuit is primeipally pure resistance.
That generated by the coil D (which is in series with the exe
ternal reactance) lags practically ninety degrees behind the
electromotive force of the incoming altermator, because the ime
pedance of that cireuit is largely inductive.

The operation of the indicator (Fig. 14) under different
possible conditions is as follows:

(1) Assume the case wherein the incoming altermator's free
quency is the same as that of the bus bars, and also the electro=
motive forees of each machine are in phase (i.e., the synchro=
nizing switches can be closed prouding‘tho two voltages are equal).
The stator flux is ninety degrees behind the electromotive force;
the flux of eoil D is also nimety degrees behind the electromotive
force, and,therefore, in phase with the stator flux., The coil B
flux is in phase with the electromotive foree and, therefore,
ninety degrees ahead of and out of phase with the stator flux
and that of ecil D, Under these conditions the rotor will take
a set position as illustrated in figure 1A, because the stator
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exerts a torque on coil D, but not om coil B. When the rotor is
in this position the diel pointer pointe straight down (vertice
ally). This position indicates that the two machines are in syne
chronisme

(2) when the electromotive force of the incoming machine
and thet of the bus bers (running mechine) have the same fre«
quency, but the electromotive force of the incoming machine is
say twenty degrees ahead. The pointer on the dial will then
turn twenty degrees in a clockwise directiom,

(3) When the frequency of the incoming machine is higher
than thet of the bus bars. The pointer will then rotate clock=
wise.

(4) vwhen the electromotive force of the incoming machine
is twenty degrees behind that of the bus bars, but both machines
have the same frequency. The pointer will them tum ﬁcmty dew=
grees in a counter-clockwise direction,

(5) When the frequency of the incoming machine is lower
than that of the bus bars. The peinter will then rotate in a

counterwclockwise direction.

Electrostatic Synchronism Indicator

The electrostatic instrument consistes essentially of an

electrostatic glower, metallic condenser hood, switeh for cute
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ting the glower in and out of the eircuit, and a hook for sus-
pending the indicator from the line and leading the current to
the glmfo One terminal of the glower iz comnected to a spark
gap and then to the lower teminal of the suspension hook. The
other temminal is comnected to the condemser hood, The loop in
the suspension hock enables the indicator to be hung over the
line by means of the ordimary type of switeh hook used for
operating disconnecting lever switches, The glower lamps are
operated by the charging current of suspension insulators used
as condensers; one set of insulators being required for each
phase of the incoming and operated lines, The lamps are mounte
ed in e case and projeet through holes in the cover to pemt
observetion from the sides as well as from the front, Tho ine
strument is mounted on a panel with two three-pole switches,
which comnect it to the incoming end operating lines, The sus~
pension insulators have an insulating strength greater than the
maximum voltage used on the line. The glower lamps when not exe
cited have the appearance of ordinary spherical,frosted,incane
descent lamp bulbs, ¥hen the proper difference of potential is
supplied acrose the lamps they glow with a reddish hue, due to
the special gas that they contein. :

One of the glowers is connected to the line of the income
ing and running machines 20 that the glower will be shorte
circuited by one of the poles of the switch when the lines are
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connected together, The other two glowers have their connece
tions to the line through the insulators reversed, so that at
synchronism they are connected aeross the two remaining phases
of the lines with one connection on each glower on the other
side of the synchronizing oil circuit breaker.

When the lines are in synchronism, the glowers will indie
cate in an order similar to that of ordinary synchronizing
lampe the apparent direection of rotation, denoting whether the
incoming machine is running too fast or too slow. "hen synchro=
nism is reached there will be no rotating effeet and the glower
which is conneeted to the corresponding linee will be dark
while the other two glowers will indicate at about one~half
brillianey, which is the condition for throwing the machines to-
gether, ,

The instrument will give satisfactory indications on ¢ire
cuits of as low pressure as 135,200 volts and it can be applied
to lines of any higher voltage by connecting in an adequate
number of insulators.

The electrostatic type of indicator is suitable primarily
for indicating synchronism between high tension cirecuits where
the voltage and current are measured on the low tension side.
It consists of a few simple and inexpensive parts, and can be

used to advantege in main stations, switching stations, line

Junction stations, and some substations, The usual method of ine
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dicating when machines may be synchronized by use of a synchroe-
nous indicator or lamps, employs also as a rule, potential
transfomers. This arrangement is very satisfactory but when
it is desired to conneet two systems together where transforme
ers are not needed for indicating or measuring purposes the-
electrostatic type of indicator is satisfactory and comparatives
ly inexpensive., The higher the voltage the more does this apply.
The Gonoral Flectrie Company manufactures an electrostatic syn-
chronizer which requires for operation only the charging current
of the line,

The electrostatic synchronism indicator can also be used as
a ground detector by connecting one teminal of each glower to
the ground and the other temminals to the line. A lighted glow-
er will indicate that the line is at a potemtial higher tham

that of the ground, that is, not grounded.
Induction Type Instrument

truction: (see ng; 2) The inductor type of synchro=
scope consists of three stationary coile N, M, and C, and a
moving system consisting of an iron amature A rigidly attach-
ed to a shaft 8 which is suitably pivoted and mounted in beare
ings. _Tha moving system is balanced and is not subjeet to any

restraining force or spring such as a gravity control. The coils
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N and ¥ have their axes in the same vertical plane but ninety
degrees apart, while coil C has its axis in a horizontal plane.
N and ¥ are connected in splite-phase relation through an ine
ductive reactance P and a noninductive resistance Q, and the
two eircuits are paralleled across the bus bar temminals 3
and 4. Coil C is connected through a moninductive resistance
across the upper or machine terminals of the synchroscope.

Prineciple of Operatiom: Current in the coil C magnetizes
the irom core carried by the shaft end the two projections.
There is, however, no tendency to rotate the shaft., If current
be passed through ome of the other coils, say M, a maznetie
field will be produced parallel with ite axis, This will act
on the pmjoetion‘ér_ the amature ecausing it to tuin so that
the positive and negative projections assume their position in
the field of M. A reversal of the direction of the current in
both eoils will obviously not affect the position of the arme
ature, hence alternating current of the same frequency and
phase relation in coils C and M cause the same directional
effect as if direct current was passed through the coils, If
current lagging ninety degrees behind that in coils C and M be
passed through N it will cause no rotating effect upon the Ann-
ature because the maximum value of the field which it produces
will occur at the instant when the pole stremgth is zero, The
two currents in the coils N and M produce a shifting magnetic
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field which rotates about the shaft as an axis. As all currents
are assumed to be of the same frequency, th& rate of rotation -
of the field ies such that its direction eormsponds with that
of the amature projections at the instant when the poles ine
duced in them by the current im the coil C are at a maximum
value and the field shifts through 180 degrees in the same ine
terval a8 is required for the reversal of the poles. This is
the essential feature of the instrument; namely, that the amme
ature projections take a position in the rotating magnetic
field which corresponds to the direction of the field at the in-
stant when the projections are magnetized to their maximum
strength by the curreat in the coil C. If the frequency of the
eurrents in the coils which produce the shifting field is less
than that in the eoil which magnetizes the armature then the
amature must turn in order that it may be parallel with the
field when its poles are at meximum strength; comsequently a
rotation of the amature indicates a difference in frequencies,
and the rate and direction show which has the higher fregquency

and the amount of differences

Lincoln Type Synehroscope

The Lincoln type of synchroscope has been developed for use
in large stations where it is necessary that the instrument be
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visible from each prime movers

Construction: (See Figs, 1A, page 5a) Ae mey be seen by ine
spection of the figure, this instrument consists of an altere
nating current biepolar motor with a laminated iron field M
end M* and @ core on which is wound a distributed two-phase
winding B and D and whieh is commected in split-phase relation
through a noninductive resistance ry and an inductive reacte
ance e The resistance consiste ot" two stationary illuminating
lemps located on the gless,dial, and movable lamps are attache
ed to the indicating peinter,

On M and M* are wound two field coils oomoeud to the two
bus bar leads 3 end 4. Current is carried to and from the arme
ature by means of a set of three collector rings and corresponds
ing brushes, The amature shaft alsc carries an indicating pointe
er supporting the moving indieating lampss

EPrineiple of Operation: In & motor, as shown, the amature
tends to take a position sueh that the current in its coils proe
duces a magnetic field in the same direction as the magnetic
field produced by the stationary field coils. If a direet curw
rent be passed through the field coils and also through the nm-;
ature ¢oil D, then the amature will assume a position as lhon
in the figure, If the direction of the current be simultaneously
reversed in both coils the position of the amature is obviouse
ly unaffected. Hence, if alternating curremt be substituted for
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the direct current the position of the armature will remain une
changed provided the alternating currents have the same frequen-
cy and the same phase relation. A second current having a dife
ference of phase of ninety degrees may be passed through the coil
B of the amature, This will cause the position of the armature
to shift for the reason that the magmetic field it produces is
a maximum whem that produced by the stetiomary field coils is
zeroj hence there is no effective torque produced., The two cure
rents in the armature produce a progressive shifting of the ai-
rection of the magnetic field and ( as all the currents are of
the same frequency) the rate of rotation of this magnetiec field
is such that its direction coineides with that produced by the
stationary fleld coils at the instant that the latier are at a
max imum viiu. This 1is the essential feature of the instrument;
namely, that the rate of physieal rotation of the magnetie
field produced in the ammature must be such that it coinecides
in direction with the field produced by the stationary field
c¢oils when the latter are at their maximum value. As above dese
eribed, if the frequency of the current imn all the coils is the
same the armature takes the position as illustrated in the fige
ure, Suppose the frequency of the armature current is less than
that of the current im the stationary field coils; then the roe
tating field does mot shift quite 180 degrees while the station-
ary field reverses, hence a torque is produced and the armature
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turnss It tends to rotate at sueh a speed that its shifting
field moves through a physical angle of 180 degrees during the
reversal of the field current; that is, the speed of the arma=
ture rotation eguals the difference in the magnetic rotation,
The speed of the amaturs and the pointer attached to it,
therefore, shows the difference in frequency between the ale
ternating current in the amature and that in the stationary
fields |

It is advisable to use lamps as an additional check because
the synchroseope cannot follow in differential frequency when
mchionizing is begun with a great difference ‘1n speed of the
generatorss Synchronizing lemps should be used until the speed
is within ten per cent of the speed of the rumning machine, and
then the synchroscope will fall in step and indicate by the die-
rection of its rotation the speed relation between the incoming
machine and the bus barse

A synchronizing deviee is sufficient in single-~phase for
paralleling machines after the correct permmanent connections

have been made to the synehronizing switchess

Automatic Synehronizer

The automatic¢ synechronizer is primarily intended for use in

stations operating large cepacity machines, and ihero it is es-
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sential that synchronizing be done rapidly end safely,

A successful automatic synchronizer should close the cire
ecuit when all conditions are suitable for closing, and it
should prevent the closing of eirecuits until these conditions
are reached, This involves the following requirements:

(1) It should pemit the coupling of the machines as socon
as the difference of speed is within safe limits, and it ehould
prevent the coupling of the machines at all other times,

{2) It should pemmit the coupling of mechines whem the
electromotive forees are within the proper limits, end it should
prevent the coupling of the machines when their electromotive
forces are too far out of phase,

(3) It should pemit the coupling of the machines when
their electromotive forces are equal, and it should prevent
the coupling of the machines when their electromotive forces
are too widely divergent.

(4) It should close the relay circuit for coupling these
machines on the first occasion when the three foregoing cone
ditions occur,.

(8) It should close the rolay contacts in advance of the
period for coupling by a sufficiently large interval to allow
the switeh to act at the exact moment of sn&hronimg the
greater the difference in spped the greater should be the ade

vance in angle in order to make the time allowed constante As



«16=
different types of switches require different amounts of time
to close, the time of advance should be adjustable.

{6) It should be certain and gafe in its operation and if
| anything in the mechaniem fails it should prevent coupling.

The automatic synchronizer is especially well adapted for
use in power stations of large railway systems., When accidents
occur which entirely shut down one or more substations, it is
exceedingly important to siart up again with the least possidble
delay. With alternating curreant motors for starting, and an
automatie synchronizer for each rotary converter, this can be
done very quickly. Unless the voltage of the system has been
disturbed it is simply necessary to close the starting motor
switches and the automatic synchronizer will dc the rest.

With the iming machine in phase with the running machine,
as in synchronism, tbe magnetic fields induced by the currents
in the left hand solenoid oppose each other, then neutralizing
the pull of their core at the same instant, the magnetic
fields induced by the currents in the right hand solemoid
assist each other, thus giving a maximum pull on their core
and drawing it to the bottom of the solenoid. When the in-
coming mchﬁe is not in synchronism the magnetic fields ine
duced by the currents in the left hand solenoid assist each
- other and exert a maximum pull on their irom core., When the ine
coming machine and the running machine are in ninety degree phase
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relation the solenoids exert equal pulls on their iron cores,
which take up equal distances from the bottom of each solenoid.
The displacement of the beam from the first synchronizing poe
sition (due to a differenc in phase relations between the two
machines) imparts to it & walking-beam action, and this movee
ment up and down corresponds to the dark and light periods of

lamps, or to the pointer rotatiom of the regular dial synchroe

SCOpee
Low Inergy Symehroscope

The increasing variety of phase angle measurements requie
ring low burden instruments has created a need for a phase
;ngle meter heving low power comsumption, This is especially
desirable for synchronizing power circuits when only poten=
tials from condenser bushing devices are available. However,

a low energy instrument is desirable for all applications,

A new iron-vane synchroscope has been developed with a burw
den of about four volt-amperes per cireuit, which is about ome
fourth of the energy consumption of previous typess The rota-
ting field of this synchroscope is set up in an efficient
magnetic path.or low reluctance by coils connected to the ine
coming machine. The magnetic cirouit is practically all iron
except for the gap beiween the moving iron-vane and the stator,
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The moving element is made of a light-weight, rugged, durale
umin shaft to which are attached iron vanes, The vanes are of
hipernik, & loweloss irons, Hipernik has high permeability at
low induetion, making it especially suitable for this case.

The same mechaniem is being used with different windings
in power factor meters with a 360 degree scale, Such instrue
ments are useful on circuits subject to power flow reverses
in direction, @as on tie lines. The ordinary dynamometer power
factor meter scales necessitate switching the instrument
transfomer connections, but this is avoided in the meter with
a 360 degrec scale.

The synchiroscope element fits into the cese which has been
developed ag a standard for switehboard instruments, This pere
mits interchangeablo case and cover parte as well as good ape
pearances The mechanism can also be used as a position indie
cator by using e three-phase winding on the stator for connece
tions to i controller motor of the duplicate position types
The scale is more unifomm and accurete than on previous indie
cators., The low energy comnsumption makes it possible to operate
more indicators from @& given size controller, or to operate

indicators at a greater distance,

Izperimental Procedure
Objeet: To comstruet a synchroscope for use in the Elec-
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trical Ingineering Laboratory. This synchroscope is to be small
and a very compact unit, which will be portable and of such
sturdy construction that it will not be damaged by the frequent
handling of inexperienced students ..

Method of Procedure: After a thorough research of the exe
isting types of instruments, a synchroscope of the Lincoln
type was chosen as best suited for the given object. The con-
struction of this type of synchroscope is essentially that of
a wound rotor induction motor. This involves the construction
of pole pieces, field coils, and a wound rotor.

The pole pieces were cut from laminated sheet steel to the
desired size and shape and then bolted together (see Figs. 3 & 4)

As the instrument was to be used on 110 volt, €0 cycle eire
cuits the number of turns on the field coils was calculated as
follows:

Assuming 40,000 lines per square inch to be the flux
density of the laminated iron poles, the number of turns was
detemined from the relatione

o= 4.44 £ N g 10° volts
where; f is the frequency in eycles per second
N is the number of turms
g is the flux
¢ ie the Mpmuod voltage

The required number of turns was found to be 1,100 for both
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coils, or 550 turns per coils The largest wire which eould be
placed into the available space was found to be nuuber 19 B.& S,
enameled, single cotton covered, copper wire, Wooden coil forms
were then comstructed, upon which the coils were wound. The
coile were next wrapped with imsulating tape and soacked ia
black insulating varnish; end,after being allowed to dry, were
then placed on the field poles,.

The armature was wound on a frame taken from an old Thome
son wattehour meter, This frame was first cut down so that it
would be of the proper diameter for the field poles. The two
emature windings were then placed on the core at right angles
to each other and leads were brought out to the collector rings.
Each winding was composed of 60 turns of number 32 Bk 8.y
enameled, single cotton covered, copper wire, The complete arme
ature was of very light construetion, due mainly to the fact
that it was of the air core type.

Brass fremes (Fig. 3) were attached to the field poles to
provide bearings for the armature shaft, and supports for the
brush helders. The field coils, poles, and armature were then
assembled (Fige 4) and mounted in a small wooden boxe

The instrument,as 1t is,ls not a complete unit because it is
necessary to provide a phase splitting device for the windings
on the ammature, Practically all commereial units have the phase
eplitting device as a separate unit from the instrument itself.



—cva—

»£61 1 fop
Gl l%m.llll
"$3/0o P[o1y pro € sburipeg 2oy o€
puL o4niowiily jo Buimpiq 10250 A vyl | HH " 1
: 1 " _q | IINNM 1 o g
£ 57 e RSk TR e
N ] ! |
— oy T el i
.Hn\nw\\;uldu_u %W _ : it i r] It !
Y == : | Piidfging
7 e i H 1l
F oy il B : [+ a2
‘Isq.'
4 5 7" W QV\V/ ; ||'_||
. sburivag ' A P
Qw\sl\J“. e_f: A i< > Q & ’
ot % /m = _ hc.” mm\
| L8 !
" " 4
s ‘ 1o
e Ty JE" blln\
=AY | Rk ¢|1r= @ € A
] LF ,A.IIQ\I.Y oS N\ _
A 3 | Sk
o SOYN4T % PAOYS Pin WY
8
: I 4
iR e |
a_ 291 gy o dailoy I ’
|+| Im \ +N|m. N e g_ll Q:\
A DA
9% o) o0 ‘
" “ " 3 //V\ T:I\NL

"

s3/04 I3/




wZl=

Since it was our original idea to make the synchroscope a come
paet unit within itself, our u*t move was to design a resiste
ence coil and a reactance coil so that they could both be plae
ced in the box containing the other mechanism, As the maximum
armature current was to be a fraction of an ampere (0,75 ame
peres), a resistance of approximately 130 olms was necessary.,
This resistance also included the resiotamee of the ammature
coil which was in series with it, Therefore, in order that the
phase should be split as near ninety degrees as possible, a
total inductive reactance of approximately 130 ohme was neces=
sarye

A small, eireular, laminated, iron core was selected for the
construction of the reactancej but before the number of turns
necessary to give the required resctance could be determinedy
the seturation curve of the iron core was determined and the
correet flux density was caleulateds Then, with the flux den-
eity, frequency, and voltage known; the number of turns neces=
sary to give the required reactance was calculated from the
7018t 1 onme—

e 4t £N8120° voltes

After having wound the coil it was found that the number of
turms was insufficient to give the desired results. Conseguent-
ly, more turns were added until the total mmber of tumms was
1712, which gave satisfactory results whem balanced against the
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resistance, The reactance coil was wound with number 28 B.& S.,
enameled, single cotton covered copper wire, It was then taped,
soaked in shellac, and mounted im the box with the other parts,

The resistance was made up of forty-seven feet of resistance
wire wound .in a small spirel and mounted omn & sheet of mica,
This was then placed in the bottom of the box with an opem grill
in the front for ventilation and to allow excess heat to escape.

A face was then put on the box with an indicating needle on
the armmature shaft in front of the face, so that‘ the needle

could indicate the point of synchroniam,

oS

é Conelusions

After the construction of our synchroscope was completed,we
proceeded to test it out in the laboratory., We found it gave
positive indications of synchronism in every case, and we were
more than satisfied with the results obtained, Although our
" work was ompamtifely poor in relation to that done by men
who have spent their entire life on such subjects, in consider-
ation of the time and the materials that we had to work with,
we feel that we have accomplished our purpose and have derived
a great deal of bemefit from our year of work,
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