The Starting Conditions in Synchronous Machines.

By Prof.A. Hay, D sc., ¥.1.E. E., and
F. N. Mowdawalla, u. 4., B. SC.

InrroDUTCTION.

In view of the growing popularity and importance of
the synchronous motor as one of the standard types of motor
available for power distribution purposes, and its increasing use
as a means of improving the power factor of aload, no apology
seems necessary for a paper containing a detailed study of the
behaviour of such a motor during what has aways been regarded
as a somewhat critical period—uiz., the period when the motor is
being accelerated from rest to synchronous speed. The subject
is by no means a new one, and has already been dedt with by
several writers; not, however, in a manner sufficiently thorough
and exhaustive to make farther contributions to it superfluous,
and one of the main objects of the present paper isto explain a
number of hitherto somewhat obscure points, and to draw atten-
tion to others which have not previously been noticed.

REvizw oF Purvious WoORK ON THE SUBJECT.

. The earliest paper specially devoted to a study of the
starting conditions in synchronous machines appears to he one
read in 1912 before the American Institute of Electrical Eng-
ineers by C.. J, Fechheimer.®* In this the author, after some
general introductory remarks, gives an account of experiments
made to determine (1) the relation connecting the starting torque
With the impressed p. d. under various conditions and (2) the
variation of torque, current and power factor with speed, while
the rotor is arcelerated from rest, a constant p. d. being maintain-
ed across the stator terminalss The experimental resnlts are
embodied in an interesting series of curves. Among the questions
discussed by the author are the desirability or otherwise of keep-
ing the field circuit open during the acceleration period, and thie
tendency of certain synchronous machines to run in the neigh-
bourhood of half the speed of synchronism. Fechheimer’s paper
gave rise to a very interesting discussion.

®(. J. Feshheimer : Procsedings Of the American Institute of Electrical
Bngineers, Vol. 31, pp, 306 and 1942 (1912).

(19)
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In 1913 . Rosenherg* read a paper on Self-Synchro-
nising Machines hefore the Institution of Eloctrical  Engineers,
in which he considered, among other things, the vecurrences
during the starting period, and discussed in s0we detail f.vh“
behaviour of the machine towards the end of the aceeleration
period, just before it ispulled into synchronism. It may be
mentioned that in the discussivn on Fechheimer’s paper, it was
stated by B. G. Lamme that it was “difficult to see just what ix
going on in the motor at the instant it pulls into synehroni-m”.
So far as the authors are aware, Rosenbere’s was the first attempt
to furnish a detailed explanation of the action in question.

The next ¢ontribution to the subject is one by . 1),
Newbury, In the form of a paper read before the Ameriean
Institute of Electrical Engineers in June 1943+ ‘lhe main
intorest of this paper lies in the oscillographie reeords which
are given of the starling period.

[n December 1917 the authors of the, present  paper
published, in the “Journal of the Indian Institute of Scienee,”
an account of some e¢xperimental investizations of the ocenrreiees
during the starting period of a synchronnus machine, and a full
theoretical discussion of the type of [nduction Motor whose stutor
is supplied with polyphase currents, and whose rotor s provided
with a single-magnoetic-axis winding.

The, most recent addition to the literature of the suliject
is an article by Theo. Schowin the ¢ Eleetrical World *' of Aprii
6th, 1918 (Vol. 71, p. 72 1). In this article the aath o points out
that a satisfactory self-starting synehronons motor shuulit partake
of fclw.! characteristies of both an Tiduetion Motor and an A fterna-
tor, and should present features of desicn intermedinte hefween
these two classes of machines. He accordingly advoentes the use
of a shorter air gap and longer polar arc thias are eu~tomary in
alternators of standard design. e further <uweests the use of
malerials having a pronounced skin effect for the syuireel-cag:
windings of self-starting  synehronous woters® ang ponds ot the
advantages of part-slot windings in redueing the troulijee
from dead points.

#16. Rosenberg : Self-Synchwonising Machines  Jonrnad f the Institution of
ngineers, Vol. 51, p. 62 (1013,
50 tTransaetions of the Amorican Institute of Bleetriesl Faasineers Vol 82, .
(210}
$The utilisation of the skin effeet in the rotor conduetown o Lluetion
Motors was putented by . M. Hobart in i,
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TORQUES CONCERNED IN ACCELERATING THE MOTOR AND
IN PULLING |T INTO SYNCHRONISM.

The scli-starting synchronous motor is accelerated and
finally pulled into synchronism by the action of a number of
torques, differing widely from each other, and the resultant effect
of which will largely depend on their relative importance. Cases
may arise wlhere, owing to the preponderance of a certain type of
component torque, it may be impossible to get the machine to
run up to synchronous speed. Again, the torques concerned in
the initial acceleration of the rotor are quite distinct from the
torque which finally pulls it into synchronism. The authors are
of opinion that no really clear understanding of the occurrences
during the starting period is attainable without a detailed study
of the various torques which act on the rotor during that period.
Tt will accordingly be nceeessary to consider the natuxe of the
various torques concerned. These torques may be classified as
follows :—

(1) Torque due to varying magnetic reluctance (syn-

chronous torque).

(2) Torque due to hysteresis.

(3) Torque due to starting squirrel-cage or damping

coils if present.

(4)  Torque dueto currents induced in the field winding,

if thiswinding is closed.

(5) Torque duo to eddy currents.

/. Torque due lo Varying MagnelicReluctance.

Tt is awell-known general principle of electro-magnet-
ism that, any clectro-magnetic system which includes a movable
member tends to assumc a configuration which corresponds to
minimum reluctance and therefore maximum flux. Displace-
ments of the movable member from the position of minimum
reluctance call into play forces tending to restore it to that posi-
tion. The application of this general principle to the special case
of a salient pole rotor, which is acted on by the rotating field of
the stator, will be casily understood by reference to Fig. 1. In
this {igure three different positions of one of the rotor poles are
shown relatively to the stator polar surfaces. The centre of the
stator polar surface is in each case marked with the letter N.  In
fig. 1 (4), the relative positions of the rotor and stator polar sur-
faces correspond to minimum reltictance, and from the symmetry
of flux distribution it is immeadiately obvious that there is: no
tangential pull on therotor. -In Fig. 1 (a) the rotor pole is
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shown displaced from the position of minimum reluctance in one
direction, and in Fig. 1 (¢) in the opposite direction. If we bear
in mind that the dynamical stresses correspond to atension along
the lines of force and a pressure at right angles to them, it is easy
to seethat in Fig. 1 (a) there is atangential force acting on the
pole from right to left, whilein Pig. 1 (c) it acts from left to
right. 1f we now suppose that the stator polar surfaces travel
past the pole in a direction from left to right, then the successive
positions will be those shown in Fig. 1. Yor every displacement
of the stator polar surface to one side of a rotor pole, there will
he an equal displacement to the other side, and the forces corres-
ponding to equal displacements in opposite directions will be
equal and opposite. Thus the rotating field will exert an alter-
nating torque on the rotor, and the positive and negative half-
wuves of this torque will be. equal. The frequency of the torque
will be equa to twice the supply frequency multiplied by the
motor dip, and so long as the motor dips, the mean value of the
alternating torque due to varying magnetic reluctance will be
zero. The only effect of this torque is to throw the rotor into
forced vibrations, having a frequency egual to that of the torque.
Owing to the large moment of inertia of the rotor the vibrations
will be imperceptible for large values of the dip, i. e., during the
greater part of the acceleration period. When, however, the slip
has become sufficiently small and in consequence the frequency
of the torque sufficiently low, the amplitude of the rotor oscil-
lations will become marked, and will increasc with decreasing
slip.

Summing up, we see that the torque due to variable
magnetic reluctance is for all speeds below synchronism an alter-
nating torque consisting of equal positive and negative half-
waves, and hence having a zero mean algebraic value. It is
therefore quite inoperative so far as steady acceleration of the
rotor is concerned, and only produces equal periodic accelerations
and retardations 4. ¢., it causes oscillations of the rotor. The
period of these oscillations is determined by the rotor slip, and
steadily increases with decreasing dip: - At the same time, the
amplitude of the oscillations increases.

The graph of the varying magnetic rejuctance torque
expressed as a function of the speed is shown in Pig. 2 (). Fo
all speeds below synchronism its mean value is zero. while a
synchronism.it is capable of assuming any positive or negative
valus between definite limits. Since the speed of synchronism i
the only speed at which thistorque may have a value differing fron
zero, we may conveniently refer to it as the synchronous torque.



Fig. 1, Flux distribntion for three positions of field
pole relatively to stator,



2. Torque due lo Iysteresis.

In dealing with the torque due to varying magnetic
reluctance, we have neglected the effect of hysteresis. 1t now
becomes necessary to take this into acecunt.  Owing to hysteresis
the rotor will tend to retain more or less strongly the effects of
previous magnetisations.  Thus referring to Figs. 1 (a) and 1 (),
if hysteresis were absent, the magnitudes of the torques in these
two cases would be equal.  Owing, however, to the fact that in
the position of the rotating field corresponding to Fig. 1 («) the
magnetisation of the rotor is increasing from a lower to a higher
value, while in position Fig. 1 (¢) it is decreasing from a higher
to a lower value, the actual flux in Iig. 1 (¢) will be higher than
that in Fig. 1 («). ‘The same applies to each pair of correspond-
ing or equidistant positions on opposite sides of the position of
maximum flux shown in Fig. 1 (0). For any such pair of posi-
tions, the driving torque is greater than the retarding torque.
The effect of hysteresis is thus seen to be the production of a
disparity between the positive and negative half-waves of the
varying magnetic reluctance torque, the positive half-waves being
aniformly larger than the negative ones. This eflect is equivalent
to raising the magnetic reluctance torque waves ahove the axis of
time, 4. e., to the addition of a steady driving torque to the alter-
nating magnetic reluctance torque. The torque due to hysteresis
is thus scen to be a steady driving torque and is instrumental in
producing acceleration of the rotor. It is to be noted that,
assuming the flux per pole to remain constant during the accelera-
tion period, the hysteresis torque has the same value for all speeds
below synchronism.  1f the speed were made to pass {hrough
synchronism to higher values, the hystercsis {crque would undergo
reversal at synchronisin.

The graph of the hysteresis torque as a function of the
speed is shown in Fig. 2 (b).

3. Torque due to Starting Squirrel-cage or Danping
Coils if present.

Little need he said about this torque, which may he
called the induction motor torque, as everybody is familiar with
the relation connecting the torqne and speed of an induction
motor. The squirrel-cage of a self-starting synchronous machine
forms the rotor winding of an induction motor whose stator wind-
ings are represented by the armature; the relation connecting
torque and speed will be of precisely the same nature as in an
induction motor. : |



The graph of this torque as a function of the speed is of
the well-known form shown in Fig. 2 (¢).

The method of varying the torque-speed curve of an
induction motor by the introduction of resistance into the rotor is
also well known. The effect of introducing resistance is equiva-
lent to a change in the slip scale, the maximum torque remaining
unaffected in value, but occurring at a lower speed. Jf a very
powerful torque is necessary at starting, it is advisable to usc a
high resistance squirrel-cage. On the other hand, Wwith such a
squirrel-cage the speed to which the motor finally scttles down
corresponds to a large dip, and this, as will be sten later on,
makes it more difficult to pull the rotor into synchronism. The
ideal arrangement would be one in which the squirrel-cage
resistance at starting is such as to give maximum torque, the re-
sistance then automatically decreasing with increase of speed in
such a manner that at each speed maximum torque is mainiained
until finally the lowest possible resistance is reached, correspond-
ing to avery small slip. The“use of the skin effect in conductors
for automatically decreasing the rotor resistance with increasing
speed has recently been proposed by Theo. Schou.®

4.  Terque du» to curreats induced infield winding,
if this winding s ¢losed.

If the field winding be closed, the currents induced in
it will give rise to atorque, and a careful study of the nature of
this torque is essential to a clear understanding of tho vecurrences
during the starting period. The armature of the machine may
again be regarded as forming the stator winding of an induction
motor, of which the rotor winding is represented by the field coils.
There is, however, this very important difference hetween the
starting squirrel-cage and the field winding: tho currents in-
duced in the squirrel-cage are capable, according to their distri-
bution in space, of giving rise to afield whose n‘mgnutin axes may
occupy any positions whatsoever relatively to the centre lines of
the field poles ; but the currents induced in the Held winding can
only produce afield whoge magnetic fixes are coincident with the
* centre lines of thefieldpoles. This is conveniently expressed by
sayingthat thefieldwindingis a * single-magnetic-axixz " winding;
because it can only produce afield having a single definite set of
magnetic axes, namely, those corresponding to the centre lines of
the salient poles. Now a Motor having a polyphase stator, but a

*Loc. cit. In amore recent article (Flectrical World, May 2, 1019). the
same writer d escribes a compound squirrel-cage winding. consiating of @ outer
squirrel-cage of brags having a low reactance, and an inner aqirecl-cage of
copper at a grenter depth and heneg huving ahigher reactance.
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single-phase or single-magnetic-axis rotor, exhibits certain striking
peculiarities which differentiate it sharply from a motor in which
both stator and rotor windings are polyphase. The ecarlicst re-
ference to this type of motor which the authors have been able to
find oceurs in a paper by H. Gorges.* Since such motors are
not ordinarily used in practice, their characteristics do not seem
to be very generaly known, and have only occasionally been
referred to. A complete analytical theory of this type of motor
has been given in a previous paper.t The torque-speed curve of
such a motor is shown in Fig. 2 (d),and its most striking charac-
teristic is the torque reversal which occurs over a certain range
of speed in the neighbourhood of hali-synchronism. “The analyti-
cal theory of this type of motor is somewhat complicated, but the
following general explanation hased on a paper published in 189%
by P. lichberg! may be useful. The currents induced in the
single-phase rotor winding by the rotating field of the stator give
rise to a field which, relatively to the rotor core, is a simple alter-
nating or oscillating field. By a well-known transformation this
oscillating field may be replaced by two equal and (relatively to
the rotor core) oppositely rotating fields, tho crest value of each
rotating field being half the maximum crest value of the oscillat-
ing field. Now if the slip of the motor be s and if its speed of
synchronism be denoted by #, the frequency of the rotor currents
will bz sf, where fis the frequency of supply, and the speed of its
component rotating fieldsrelatively to the rotor core will be & 7,
the spead of the rotor in space being (1—s) #. Regarding the
direction of rotation of the rotor as positive, the speed of one of the
rotating fields rclatively to the rotor core is +$ %, while that of
the other is—s#. ITence the, speeds of the rotor rolating fields
inspace are sn + (1 —8) a=n, and — s» + (1—s) n=(1—28) n.
The interaction between the stator field, and the first rotating
component of the rotor field, whose speed n in space is the same
as that of the stator field, gives rise to atorque in every respect
similar to that of an ordinary induction motor . with polyphase
windings on both stator and rotor. The secorid rotating com-
ponent of the rotor field, whose speed in space is (1—2s) #, is
clearly incapable of reacting with the stator field in such a
manner as to give rise to aresultant torque; for, owing to the
difference of speed, the relative position of the fields is constantly
chnnging, periodically passing through a succession of cycles

 *H. Gorges; Ueber Drehstrommotoren mit verminderter Tourenzahl.
Elektvotechnische Zeitechrift, Vol. 17, p. 517 (1846).

tJournl of the Indian Institute of Science, Vol. T, p. 205; aso Transactions
of the Anerican Tnstitute Of Electrical Engineers, Vol. 88, (1919).

*F. Bichberg; Zeitschrift far Elektrotechnik (Wien), Vol. 18, p. 573 (1893).
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during each of which the average algebraic value of the torque
is zero. Although incapable of torque production by interaction
with the stator field, the second rotating component of the rotor
field is capable of giving rise to a torque by a dilferent kind of
action. In sweeping across the stator conductors, it induces in
them e. m. f.s. of frequency (i—2s)f, and these produce currents
of the same frequency in the stator windings and the circuit
external to them (represented by the mains and everything con-
nected across them, generators, motors, lamps, etc.). Since the
toal impedance external to the stator windings is extremely small
in comparison with that of the windings themselves, the resulf:,
so far as the currents of frequency (1—2s) / are concerned, is
nearly the same as if the stator windings were short-circeuited. The
currents give rise to a rotating field whose speed (i—=2s)x in
space is the same as that of the inducing rotor field, and the
interaction of these two fields, whose relative space position is
invariable, results in the production of a torque. To fix ideas, we
may think of the second component of the rotor field as produced
by a polyphase winding on the rotor supplied with suitable
polyphase currents having a frequency sf, and of the rotating field
due to this as inducing currents of frequency (1—2s)f in the
stator windings. 'The arrangements would then be equivalent to
a polyphase motor whose primary is represented by the rotor
and whoss secondary is represented by the stator. The slip of
this imaginary motor would be (1—2s), and so long as s is less
than 4, the slip and torque would be pusitive. Zero slip would
occur at s=+%,i.e., ab half the speed of synchronism. Beyond this
point the slip and torque would assume negative values.

The resultant torque of the motor would be obtained by
taking the algebraic sum of the torques due to the two oppositely
rotating components of the oscillating rotor field. This torque is re-
presented by the full line curve in Fig. 2 (d), the dotted and
chain-dotted curves corresponding to the component torques due
to the two rotating components of the rotor field.

. +  If we suppose that the torque arising from the current
in the field winding is large in comparison with the other torques
a -ting on the rotor, so that the dominant effect is that due to the
field winding, then it is evident that the torque reversal which
oceurs at half-synchronous speed will tend to make the machine
run in the neighbourhood of that speed, and it will then he im-
possible to run the machins up to full synchronism.

In the discussions which have taken place regarding the
tendency of the ma chine to settle down to a speed in the neighbour-
hood of half-synchronism, erroneous views have frequently heen
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expressed.  Some Engincers appear to hold the opinion that the
machine locks into exact half-synchronism. As we have secen,
the speed to which it settles down, although 3 ear half -synchronism,
IS not definite, and may, according to the special circumstances
of each case, be anywhere in the neighbourhood of that speed. It
is no more correct to say that the machine locks into half-syn-
chronism, than it would be to say that aa ordinary induction
motor locks into full synchronism.

5. Torque, due to eddy currents.

if tho field structureislaminated throughout, the torque
due {o eddy currents will be insignificant. The case is otherwise,
however, with solid field poles in which large eddy-currents may
arise.  If 'we were to imagine the rotor replaced by asolid cylinder
of conductingnaterial, then the rotating Held of the stator would
eive rise to rotating eddy-current sheets in the conducting eylinder,
and the axes of such current sheets* would follow the axes of the
rotating stafor ficld. There would in this case bo perfect frecdom
of motion of the axes of the current sheets relatively to the rotor,
and this condition is closcly approximated to in an ordinary
squirrel-cage winding.  If we next suppose that the conducting
evlinder is cut up into a. number of sectors by radial batviers of
insulating material, then tho {reedom of motion of the axes of the
current sheets relatively to the rotor would be largely destroyed,
and these axes could only swing through an angular distance not
exceeding the angular width, of a sector. Now this is approxi-
nately the case corresponding to a salient pole rotor with solid
poles.  In such a rotor, owing to the restriction imposed on the
free development of eddy currents by the relatively large  spaces
between tho field poles, the axes of the eddy currents can only
fravel through arelatively short distance.  1f the axes could not
fravel at all, tho arrangement would he identical with that of a
rotor having asingle magnetic axis winding ; while if the axes
could travel with perfect frecdom, it would be identical with
that of asquirrel-cage rotor.  Ilence we seethat the torque duc
to eddy currents in the solid field cores will partake partly of the
nature of the torque due to a single magnetic axis rotor winding,
and partly of that duo to an ordinary polyphase rotor. The single
magnetic axis effect is, however, in many cases found to predomi-
nate, and. considerable difficulty may then he experienced -in
wetting the rotor to pass well heyond half-synchronous speed.

#y tho uxes cfthe ewrrent shects are meant the lines along which the
ewrrent density i zero OF the lines With which all tho individual earrent filnments



PuLLiNGg INTO SYNCHRONISM.

Ofthe various torques concerned in accelerating the
rotor from rest to synchronism, three, namely, the incuction
motor, the single-magnetic axis, and the eddy cut rend t.nx‘qm.', are
functions of the gpeed, and may hence conveniently he refirred
to as the speed torques. Let us suppose that by the action of the
espeed and hysteresis torques the rotor has been brought to a speed
not far removed from synchronism.  Since in the neichbourhiond
of synchronism, the speed torques rapidly deerease with deerens-
ing slip—as shown in Fig. Z—and assume zcro values at synch-
ronism, it is cvident that these torques would never he able to
bring the rotor up to full synchronism; and the hysteresis torgue 1s
generally much too weak to effcct this. The rotor js finally puiled
into synchronism by the varying nignetic reluciance torgue, and
is maintained at synchronous speed by the =ame torque, all the
other torques vanishing a. that speed.  As already explained, the
varying magnetic reluctance torque may far this rcason he con-
veniently termed the synchronous torque, and we shall in what
follows refer to it as such.

We have already seen that the synehrinons torque is an
alternating torque having a zero mean value for all spesids other
than that of synchronism, and is thus incapuble of sxerting any
steady driving or accelerating effect so long as the speed of the
rotor is below synchronism. The frequency of the synchronous
torque is given by 2sf,and the forced oscillations of 1he rotor to
which the synchronous torque gives rise have the sams frequency
«as the torque itself. Now. the rotor speed oseillations eall into
play a further alternating or oseillating torque, owine to the fact
that the speed torques change with the speed of the rotor.  The
speed torques may for small values of the slip he taken to be
proportional to the slip, and hence their changes to be propor-
tional to the changes in the speed  The effect is the same as if
we were to substitute for the fluctuating speed torques a constant
torque equal to the sum of the mean values of the apeed torques,
together with an oscillating torque waose amplitude is propor-
tional to that of the speed fluctuations.

For the sake of simplicity we shall agsunie the speed
fluctuations to obey the simple harmonic law. They . then
be graphically represented in a vector diagrain by the projections
on the vertical axis of the vector OV in iz, 3, this vector rota
ting at 2 sf ravolutions per second The instantaneous projection
of OV g1ves the difference between the instantancous speed and
the mean speed. Since the oscillating component of the speed
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torques may, as we have seen, in the neighbourhood of synchro-
nisuy be taken to he proportional at every instant to the difforence
hetween the Instantancous and the mean speed, and since increase
of speed produces deercase of speed torques, it is evident that the
oseillating or fluctuating component of the speed torques may be
represented by a veetor O in direct phase opposition to OV,
Next, if we assume that the allernating synchronous torque is
also a simple harmonie function of the time, then the resultant
of the synelironous torque and the oseillating component of the
specd torques will give us the alternating torque which gives rise
to the periodic aceelerations and retardations of the rotor. The
phase of this resultant torque is casily determined ; for since its
zero value mnust oceur at the instant of maximuwn speed, it is
evident thai the veetor OR, which represents the resultant torque,
must be 907 ahwead of OV, as shown in Fig. 3. Lastly, the syn-
chronous torque vector OS is obtained by subtracting from the
resultani accelerating torque O R the oseillating component OF of
the speed torques.  The angular velocity of all the vectors in the
dingram of Fig. 3 is directly proportional to the slip, being, in
faot, equal to & = sf.

Let w denots the excess of the instantaneous rotor speed
over the mean speed (corresponding to the vertical projection of
OV in Fiz. 3), and let y stand for the instantaneous resultant ac-
celerating torque (vertical projeetion of OR). Then, if K is the
moment of inertia of the rotor
’ - dw

=
or

thon== 71;_ ;,/dt’

and henee, taking as the origin of time the instant at whioh w
is zero,

w= If [ yat,

from which it is seen that the amplitude of the speed fluctuation
OV is proportional to the time-integral over a qumtgr—perlod of
the resultant aceelerating torque; or, since the period of this

. . R
torque varies inversely as the slip, OV is proportional to-%—,

By means of the vector diagram of Fig. 3 we can easily
show that the amplitude of the speed fluctuations must increase
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with decreasing rotor dip. Tor, assuming the diagram to repre-
sent the conditions prevailing at a given mean, speed, if the
mean speed increases, OR must decrease; for if it were to remain
constant, then owing to the increase of its period, due to the
decrease of slip, its time-integral over a quarter-period would be
increased, and OV, which is proportional to this time-integral,
would increase. This again would cause OF (SR), which is pro-
portional to OV, to increase ; but since the length OS is constant,
an increase of SR could only be brought about by a decrcase of
OB (as shown by the dotted lines O3’ and R’ 8" in the figure).
It follows afortiori that OR could not increase with increase of
mean speed.

We thus see that as the mean speed of the rotor gradu-
ally increases, the vector OV undergoes steady elongation, the
vector OF =S8R a similar steady elongation (O} is proportional to
OV) and the vector OR a steady contraction. The vector 08
remainsfixedin magnitude, but gradually approaches OV. At
the same time the angular velocity of all the vectors in -the
diagram steadily decreases. |If we were to consider thd¢ actual
paths traced out by the ex{remities of the vectors during the last
few cycles preceding synchronism, we should find that V traces
out a spiral path opening outwards, 1" a similar path, R a spiral
path contracting inwards, while 8 continues to move in its
original circular path. Just before synchronism is reached, OV
is moving with extreme slowness and OS is only very slightly in
advance of it. As OV, having passed throuch the horizontal
position, moves into the first" quadrant, its projection gradually
increases until the value of this projection, when added to the
mean rotor speed, gives the speed of synchronism. At this instant
all the torques have disappeared with the cxception of tho syn-
chronous torque.

It is clear that at the instant when synchronism is first
reached the synchronous torque cannot bo less than the total
torque resisting the motion. tor, if such were the case then
balance of* the total driving and resisting torques must have
taken place at some instant preceding synchironisin, and such
balance would have prevented any further increase of speed, . e.,
it would have prevented the rotor from rcaching synchronism.
Hence at the instant when synchronism is reached, the synchron-
ous torque must either equal or exceed the total resisting  torque.
In the first case, the rotor will steadily maintain synchronous
speed. In the second, further acceleration will take place, and
the rotor will settle clown to the steady speed of synchronism



Fig. 3. Veoctor diagram
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only after & number of oscillations, the final position Which it
takes up relatively to the stator poles being such that the syniclira-
nous torque arising from the displacement of the magnetic axes
of the stator and rotor is exactly equalto the total resisting torque.
Whether the rotor comes up to synchronous speed quictly with-
out oscillations, or whether such oscillations take place befure jt
finally scttles down to the steady speed of synchronism, the
running will correspond to stable conditions. For in cither
case a momentary increase of speed results in decrease of driving
torque, and a momentary decrease of speed in increase of (ll‘Wl_Tlf»."
torque, The momentary changes in the driving torque which
arise during speed fluctuations are duo partly to changesin the
synchronous torque, which tend to check such fluctuations, andd
partly to the reappearance of the speed and hysteresis torques,
which have a similar effect.

OriN versus Crosid Fiwnnp WINDINGS AT NLARTING.

The advisability or otherwise of closing the Hold wind-
ings at starting has been repeatedly discussed. The danger of
breaking down the insulation by the high voltage induced in the
field windings when the stator circuits are {irst connected to the
mains must bo taken into account. Although this danger is
ontirely avoided by short-circuiting the windings hefore the
stator is connected to the mains, there is no <lout that, {romn the
point of view of initial torque and rapidity of starting, itisin-
advisable to have the field circuit closed The effect of closing
the field windings is similar to that of reducing the resistance of
the squirrel-cage or eddy-current paths—a procedure which is
well-known to lower theinitial torque.  Again, as the neighhour-
hood of half-synchronism is approached, the powerful single-nxis
rotor effect may seriously affect the aceeleration of the rotor, and
may frequently entirely prevent the machine from aftaining any
tfpoed greatly exceeding that of half-synchronism, In order
therefore to increase the acceleration of the rotor during the
carly stages of the starting process, the field should be kept open;
any risk if breaking down the insulation may be guarded acainst
by the use of a suitable field break-up switch.

Now although it is advisable to keep the field cireuit
open during the initial stagos of the starting operation, it by no
means follows that it would be equally advantageous to keep it
open until the machine has heen pulled into synchronism.  The
slip with which the rotor ultimately tends to run under the
action of the speed torques will depend on the resistance of the
circuits in which the currents giving mse to the speed torques



circulate. By lowering this resistance the torque will he mo-
mentarily raised and the speed increased. Now closing fhe field
circuit would be equivalent to such reduction of resistance, so that
the short-circuiting of the field during the final stages of the
starting operation will cause the mean rotor speed to approach
more closely to the speed of synchronism than would otherwise
be the case. There is thusa distinet advantage in closing the
field circuit during the final stages of the starting operation,
after the rotor speed has reached a value not differing  groatly
from synchronism. Cases may in fact arise where amachine with
its field open might refuse to pull into synchronism, but could be
made to do so by closing the field circuit. This conclusion has
been verified experimentally. A certain rotary converter was
started with its ficld open, the slip-ting p. d. being HO low that; f ho
rotor settled down to a speed below synchronism, and refused to
pull into synchronism The moment, however, that the lield
circuit was closed, the rotor locked into synchronism.

OSCILLATIONS LN STATOR CURRENIE DURING THE PERIOD
IMMEDIATELY PRECKDING SYNCHRONISM.

It is well known that as the speed of synchronism is
approached violent fluctnations in the current erad
become noticeable.  Those are indicated in Fig. 5 of Rosen
paper, and are easily accounted for.  So long as the speed is
synchronism, the field polos are slipping past the stator poles, and
periodic fluctuations are taking place in the reluctanee, aceon-
panied by corresponding fluctuations of reactanc: which throw
the stator current into oseilltions.  The frequency of these oseil-
iations being 2 sf (since the reluctanes returns to the same
instantancous value after the pole has moved throuch a distanes
equal to the pole-pitch, they are not noticeable at low specds and
only hecome apparent when the slip has hecome sufficient small,

EXPERTMENTAL RESUTLTS.

(@) Relations connecling slatomp. d. with filttfar current,
stator input and power-fuctor, rotor speed and
field e. m. f. when field is open-circuited

The experiments embodied in the serios of curves wiven
below were ~arried out on a 4-pole, 5fc\v., 3-phase convertor de-
signed for a continuous current volthze of 100 —130 volts at a
speed of 750 r. p. m.  This machine had laminated miin poles,
and was fitted with commutating poles, hut had no speeiad starting
devices. W hile the experimenls about to be desceribed were
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carried out, the brushes were cutirely removed from the commu-
tator. Before each set of readings the machine was alowed to
ran light for a sufliciently long time to get the hearings into a
steady state. '

In the first set of experiments, the results of which are
exhibited graphically in Figs. 1. and 5, anumber of gradually
increasing p d. s. were applied to the rotor slip rings, and after
the speed corresponding {o any given p. d. had settled down to a
constant value readings of the speed, current, power, cte., were
taken. When the p. d. had heen raised sufficiently to enable
the wachine fo look into synchronism, it was still further
imereased, and then a second series of readings corresponding to
dorreasing values of the p. d was obtained.  In the figures both
the aseending and descending branches of the various curves are

Fiz, 4 shows the relations connecting speed and field
e.m. f. with stator p. d.  Below a p. d. of about 15 volts across
the slip rinz< the machine would not run at all. The speed then
gradunlly inereased with the p. .. the increase becoming much
slower heyond a certain point, and at a slip ring p. d. of about 45
volts the machine was able to lock into synchronism.  During the
deseending set of readings, gynehronism was maintained down to
a voltnee of ahout 85 volts.  Below this point the speeds obtained
with given voltages were found to be uniformly higher than those
corresponding to the ascending branch of the curve.  Since, as
shown by Fie. 5, the power supplied to the machine was found to
be lower for decreasing values of the p. d., in spite of the higher
alne of the speed, it is to ho inferred that for decreasing values
of the p.d. the rsisting torque was uniformly less.  This would
indicate a deerease in the frictional resistances, probably due to
the temperature of the bearings being higher during the descend-
ing set of readings than during the ascending sot,

The c¢hanges in the field e. m. f. are related to those in
the sperd.  The field e. m. f. may be regarded as proportional to
thi product of two factors namely, the maximum flux per polo
and the slip. Au first the field ¢. rn. f. rises with increase of p. .,
indieratine that the inerease of flux is more important than the
deerease of slip.  Beyond a cortain point the decrease of slip is
more important than the inerease of flux, and the field . m. f,
hewins to deerease. It does not vanish at synchronisin, indicating
that there is cither swaying or pulsation of the flux which enters
the main poles.  Since for descending values of the p. d. the
speed is uniformly  higher and hence the slip lower than for
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ascending values, we should expect the field e. m. f. to be uni-
formly lower in the former case, and the curve of field e. m. f.
shows that such is the case.

Fig. 5 shows the relations connecting stator current,
stator power and power-factor with p. d. The difference between
the ascending and decending branches of the power or input
curve has already been referred to. It must be remembered that
when the machine is not running synchronously, its behaviour is
similar to that of an induction motor. Hence, owing to the lower
resisting torque during the decending set of readings we should
expect a smaller current and also a lower power-factor (as is at
once evident from consideration of the circle diagram) than during
the ascending set; and the curves of Fig. 5 fully confirm this.

(b) Relations connecting stator p. d. with speed and
Jield current, when the field circuit is clo-ed.

: Figs. 6 and 7 give the connection between p. d. and
speed when the field circuit is closed through various resistances,
and in Fig. 6 the curve corresponding to the field on open circuit,
previously shown in Fig. 4, is repeated for the sake of comparison.

- When the field was on dead short-circuit, the machine
refused to run up to anything like synchronous speed, and seemed
to approach asymptotically a speed somewhat above half-synchro-
nism.* The explanation of this fact has already been given
(reference may be made in this connection to Fig. 2 (d) ).

The curves of Fig. 7 show that by the introduction of a
suitable amount of resistance into the field circuit the tendency of
the machine to settle down to aspeed in the neighbourhood of half-
synchronism may be overcome, and that the machine may be
made to lock into synchronism. This result may be explained as
follows.  Considering the complete torque-speed curve of an
induction machine over the entire range of slip, positive and
negative, we may regard the point of zero slip as dividing this
curve into two branches, one of which corresponds to positive
values of the slip, and the other to negative values. If we now
suppose resistance to be introduced into the rotor circuit, then,
as it well known, the result is to produce a horizontal displace-
ment of the points on the two branches of the torque-speed curve
In opposite directions from the point of zero slip. Referring now
to the torque-speed curves of Fig. 2 (d), it must be noticed that

*In(}identallx the fact that the machine 1eached a speed in excess of half.
synchronism definitely disposes of the erroneons view previously referred to that
the machine tends to lock into exact half-synchronism.
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the point of zero slip for the chain-dotted curve corresspond to
half-synehronism, while for the dotted curve the point of zero slip
is at full synchronisni.  From this it follows that the introduction
of resistance will, in the region hetween half and full synchronism,
cause o displacement. ol the dotted and chain-dotted curves in
opposite directions, the dotted curve heing displaced from lefs to
right, while the chain-dotted one is displaced from right to leit.
It is easy to see that this will cause a rise of the minimum in the
resultant curve (the full line curve of Fig. 2 (d) ), and if the
resistance renitins sufliciently large the minimum resultant torque
will asswme a positive value, so that the driving torque will be
positive over the entire range of speed {rom zero to synchronism.
The displacsment of the dotted and chain-dotted curves in
opposite direetions in the region between half and full synchro-
nisu is, however, only one of the eauses coneerned in suppressing
the neeative portion of the resultant torque-specd curve, and
hesides this there is another cause.  The dotted carve is the torque-
speed curve of an induction motor whose stator is supplied at
constant p. d.and frequency ; whereas the chain-dotted curve is
the curve of an imaginary induetion motor whose stator is sup-
plied at varinble p. d. and variable frequency, the p. d. being
proportional to the frequency. Now the introduction of resistance
into the field windings is equivalent to the introduction of resist-
anee into the primary winding of the imaginary motor (since the
primary windine of this imaginary motor is represented by the
field winding) and is thus equivalent to a reduction of the p. d.
across ity ferminals,  This will resolt in o reduction of all the
ordinates of the chain-dotted curve. While, therefore, the
introduction of resistance into the field circuit results in a simple
eloneation of the abseissi of the dotted curve from right to left
unaceompanied by any change in the values of the ordinates, the
effect on the chain-dotted eurve is a twofold one, namely, an
clongation of the abseisswe accompanied Dy a shrinkage of the
ordinates.  This shrinkage of the ordinates will further help to
sitppress the nesative portion of the resultant curve.

It will he noticed that in the curves of Fig. 6, which
refer to the open-cireuit and short-circuit conditions of the field,
there are no discontinuities in the speed eurves (except that which
oceurs at the instant of hreaking from synehronism in the case of
the open-cireuit curve) ; whereas the curves of Fig. 7 show two
woll-inarked discontinaitios (one on each of the curves), in addi-
tion to the discontinuities at break from synchronism. These
diseontinnities are readily accounted for by eonsidering the shape
of the resultant or full-line torque-speed curve of Fig. 2 (d). In
the cases to which Fig. 7 refers the resultant torque-speed curve



lies, as already cxplained, wholly above the axis of speed, all its
ordinates being positive ; but the curve has two maxima separated
by a minimum. It is the existence of this minimum which
causes the diKContinuiti.es in the speed curves,  Stability of
running can only be secured by working on & portion of the
torque-speed curve which has a downward slope {rom left to richt.
With increasing p. d. and speed the point on the (varying)
torque-speed curve corrcsponding to the stable running condition
for the given p. d. gets displaced further and furtherto the richt,
until finally it reaches the minimum point on the curve. An
increase of p. d. beyond the value corresponding to minimum
point results in apassage into the unstable region which livs
between the minimum and the second minimum, and no stable
running is possible in this region. 1t is only afterthe speed has
passed beyond the sccond maximum of the torque-specd curve
that stability can again be reached.  The point where the dis-
continuity occurs along the ascending bhranch gives upprosimately
the speed corresponding to minimum torque ; while the disconti-
nuity on the descending branch marks approximately the second
maximum of torque.  The first maximum of torque would corres-
pond roughly to the lowest spead at which the machine will run,

In Fig. 8 are shown the relations conneeting speed and
p. d., andfield current and p. d., with the field on dead short-eireuit.
Bach curve is shown as having three branches. Two of these
correspond to the values obtained by first ineveasing the speed to
a certain value and then decreasing it. The third branch, muarked
“return from synchronism,” was obtained by first open-cireuit-
ing the field and raising the p. d. to a value sufficient to enable
the machine to lock into synchronisin, then eircuiting the field
and taking a set of readings while the p. d. was beine deercased.
The first two branches of the speed curve are identicual with
those shown in Fig. 6. The reations connecting eurrent and
power factor with p. d. are given by Fig. O.

Returning to Fig. 6, it will be seen that the machine
starts with alower p. d. when the field is short-circuited than
when it is on open ciruit; and this might at first sight appear
to. contradict the statement previously made regarding the ad-
vantage of starting with the field circuit open.  Such, however, is
not the case ; for the real basis of comparison is not the p. d.
applied to the rotor, but the current taken by it. The relation
connecting speed with current for the various wrrangements tried
15 shown in Fig. 10, and it will be seen at once that the machine
starts up with a considerably lower current when the field is
open-circuited. If the field is closed through a resistance, there
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