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Introduction.

“"he preat importunce of weve form in &lternat-
ing curreat work ic¢ never denied, trough it i very
often cverlooked. In fact no refercnces sre uvailable
in which the cuestion i¢ put i1 2 form underctandadle
to tre everage man who niert huve to deal wit»y this
work. It ic true that come very cciplete teeaticec have
been written on the cubject but in ncet ceices they arc
toc full of cowpler Lathewmxtical formulee for thre crdin-
ary person to unde. stend en: an attempted study often
beccomes disccouraring. It ie te fill thic denene that
this theeie Yas becu written, and Vvile it i imposcible
to expluin vome of tre phencacna in ciuple lanruuee we
heve,to & great extent, used only ciupic terur thet
should be understocd by cng student of .lecirical .ing-
ineering.

novw the cuesticn of wave foram ic of epecial
intereet to the peower-plant enginerr. Upon it depends
the answere to the questions: whether he wuy preund his
neutral wirees vithout rettine larpe circulasting currente;
whetter “e ner enfely ruu &ny combinution of wlternatore
in parallel; whether the consteat: of i cirtributine
sycrten gre 7 sn ord~r liable tc cunce Couicnraus rurcec
due to resoncrce wit? the *armcrnice in the preccure

waves; whit strescres he 1o peitios J.0 tye farulentic. cof

e ed

the s purutus wue to curges vwhen owitelias on ana ¢Ii.
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These are but a few cf the questions thet msay arise and
which may be znewered only b, a etudy of the wave-forme
involved, rfurthermore, an oscillograph ctudy will often
explain in a c¢imple and co:clusive manaer the theory of
operation of certain apparatus and the condidions for
best operation. For instance it hac been chown that the

luminous efficiency of the alternating current arc may be

-

445 higher with a flat topped wave than with & pesked
pressure wave, while on thc other he&nd it ic ¢ well known
fact that transformere are nore efticient on & peuzed wave,
also the «ccuracy of meny altern:tine current inestrumants
depends uwpon the weve forri. &ll these and nuierous other
guections chould ve ancwerable by the eurinecr and it 1e
to teke up this practieal eide of the queestion that the

work on thic the«ic wue done.



Laboratory apperatus.

The photographs obtained were made with an oscillograph
that was originally designed for lecture work only, where
the wave form wae projected upon a large screcn. This fact
neceseltated the makxing of & vuitable ap aratus for obtain-
ing the photographs clearly on & ¢mall film., To do this a
emall drum was made upon which a strip of motion-picture
negative about 12 inckes long could be mounted. By means of
a suitable containing bo§, manipulation was made very simple
as far ac the handling of the film wur concerged, & dark
rooi: beiug necessary only while the film wae being nmounted
on the drum and this was done in the developing room. Thils
drum carrying the sensitive #ilm wac then rotated in front
of the oecillograph ribbons and by maans of a timed shutter
exposure was aad: for one revolution c¢f t.e drum. Because of
this single exposure o syng¥onous drive wue not necessary on
the drum but to a;proach very nearly thic condi@ion an
induction motor wacs used with a belt drive to reduce the
speed from 1150 to 400 rpm. Thie epeed spread the wave out
enough to ghow haermonics ae high ag 3000 c,cles per second.

Due to the fuct thet the oscillograph elements were not
0il immerced they were¢ not well damped and some trouble wae
encountered wrhen the wave form under observaticn contained
harmonics of an otder thut would cause reconence with the

ribbone. The operatiou of the instrument in all otier respects



wae better th:n expected and this one defect wae not at

a.l serious.

The transformern and other apperetue that wes usei in
the work were all of ordinary design such a¢ would be found
in practice and we are sure that conditions obtained are

ae they would be in courereial wori.

o attempt wae mad. to obtuin quantative meacsuremente
of any kind for thie would have carried ue beyond the scope
of our work and far beyond the limit of time which wase
available. Load tecte on traneforvere were not made fcr the
eame reason, furthermore, the operation under load could
eacily be determined without the uee of the oscillograph.
we are more pnterected in the etudy of the apparatue under

no-load conditions in this work,




Alternstor .ave Form.

In any circuit the firet sourc: of voltage wave distort-
ion 1¢ in the alternator. In egny mechine on ogen circuit, thre
vwltage generated is directly proportiomal to the instant-
aneoue rate of cutting linec of force. a rimple cecaductor
revolving iu a uniform magnetic field at a uniform velocity
will generate a sine voltage wave. Hence ary in any mechine
distortions may be caused by;

1) lack of uniforumity or pulsation of the field;
2) Variation in the speed;
3) The distribution of the conductors on the armature

which are conrected in series.

In present-day machines the speed remains so nearly
constant that distortion from this source need nct be

considered.

The elotted armature however effects the distribution of
the flux ceucdns 1t ‘¢ b zoucuatratel Lt the teeth which are
directly under the pole face. It is quite evident that 1f the
number of teeth under the pole face ies different at different
positions of the armature there must be & corresponding
variation irn the flux, which in turn must cause distortions
in the voltege vave. Thi: may be pleinly @een in the acooupenys
ing figure (i#ig.l) where the size of the teeth Lave bLeén
exaggerate . to more clearly bringo out the point.

In figure 1 the width of the pole fcce is such that in the
first position a&; there are two teeth directly under tke pole

and with e reason.ble zllowance for fringing,the two teeth may
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be considered as carrying a flux about as shown. Consider
then the same pole moved to a poeition ap one tooth distant.
There is at this time but one tocth directly under the pole
face and the fringing to the adjacent terth ic not enough to
make up for the loss. Under this condition it is evident that
there witll be pulsations of the magnetic reluctance of the
field circuit ant with constant excitation a pulsation of the
megnetic flux. Thie pulsation will be &t a frequency of 23

in a machine with 5 slots per pole.&nd the harmonic of e.m.f.

induced will be £3-1 and 2u4l timee the fundimental frecuency.

In order to reduce the amplitude of these pulesticns
the pole face could be made as chown in the figure 2 where it
covere an additional width about equal to the width of & tooth.
In thie case it can be seen that the variation of flux between
the positions of maximum and minimum reluctance ie hot nearly
g0 great as ¥ms the case in fig.l.

It is also evident that an increase in the n'mber of elots
per pole would have the effect of reducing the amplitude of
the pulesations and ct ‘’e same time would increase the frequency
of the pulsations, both of which would be desirable. In the
deeign of & machine both the shape of the pole fece and the
nuwber of slote must be considered with respect to the harmonice

that will be introduced in the voltage wave form.






Besides this pulsating of the flux due to varistions of
the reluctance of the magnetic circuit there is & to and fro
motion of the flux under the pole due to the action of the
teeth as they come under the pole tip. This to and fro motion
will be at a frequency of 4S and hence will induce an il of
4S~1 and 435+1 times the fundimantal frequency. The amplitude
of thie harmonic will 4n most cases be cuch that it will not
appear i. the terminsl voltage wave. In the photographs
taken these higher harmonic ripvles,together with the ripples
due to pulsation were found only on the €fonverters and it is
very likely that the D.C. comutation had & promnounced influene.

The third condition that may effect the presence of
harmonics in the terminal voltage of an alternator is the
distribution of the conductors on the arwature which are
connected in series.

A full pitch concentrated winding will have generated
in it an L wave of the szme shape as the field distribution
and will be symetricel. A fractional pitch or "chorded winding"”
will have the effect of smoothing out the wave to conform
more nearly to a siuc for. and while it is possible that the
wave will not be symetricel during both halves of the cycle
the probilit, of t'is distortion is ver; remote.

Further, if there are & number of condlictore per pole
which are spread over & number of slots as ii & "distributed
winding" the effect will be much the same but more pronounced,
the greater the distribution the more nearly will the LLIF

wave epproach & cine form regardles: of the flux distribution.






It is poseible by proper selection of distribution and
pitch of windinge to suppreec certain undersiresble harmonics
8o that they do noé appear in the terminal voltage of the
machine. This may be shown in the following illustration;

Assume that the flux distribution of a particular
machine is such that an undesireable third harmonic is gen-

erated in the windings. It is decired to éliminste thie

harmonic from the terminal voltage.

In figure 3 are shown two poles of an alternator and
a full pitch windingsrepresented by the conductors A4. Under
the assumption thut the flux distribution of these poles 1is
such as to generate a third harmonic we may coneider that
this third is generated by auxiliary poles &s shovm ,instead
of & distorted flux in the main poless A full pitch winding
under such an arrangement will have generated in it a third
herménic superimposed on the fundimental. Now if we replace
the full pitch winding with one epanning only 120 fundimental
degreee or 2/3 pitch ae ehown ,AlA. no triple frequency can
appear at the terminals of the winding for as far as the third
harmonic ie concerned the conductors are pasring under like
poles at the same inetant and the e.m.fs. generatéd in each

are neutralized.






This is of course only = rough illustration but it is
acceptable becauce of its simplicity. It night be said
then that & winding of 2/5 pitch and distributed over 60
degrees can have no third harmonic aprearing at the terminalse.
At the same time the ninth, fiftecnth, and other odd mult-
iples of the third are eliminatea.

In the same manner a winding could be decsigaed to
elininate other harmonice inctedd of the third and its
multiples, Or, if not entirely eliminated may Be reduced to
such a low value as to have little or no effect in distorting
the terminal e.m.f. Distribution of the windinge will have
this effect and may even eliuinate some of the harmonics
entirely. In a distributed winding fhe e.m.fs. generated in
the several coils are out of phece by an ampunt depending
upon the number of slote included in 180 electrical degrees
on the armature. The resultant of these teveral e.m.fe. will
then be lees than would ie the case wrere the e.m.fs. are in
rhase. The greater the distribution the greater will be thés
reduction. Furthermore, the reduction factor is not the same
for the fundimentul as for the higher harmonics but will be
far greuter for the latter. Thiec may be illustrated by con-
gsitering a winding which ic distributed ofer 60 degrees. This
winding will be distributed over 180 third harmonic degrees
with a consequent greater reduction factor.

Thus it is evident that the wave form of an alternator
may be so regulated by proper design as to be almost entirely
free of undesireble harmonics, especially thase of the lower

orders.



To show the aprlication of the principles outliged above
we have photographe of the terminal e.m.fs. of all the
generators in the laboratory. These are ehownin the following
pages together with &« brief explenation of the cauce of the

distortions where they appear.

Fort Wayne Alternetor Type TRB rorm ML

25 KW, 120 Volte, 120 Ampe, 1800 KHIli.

Thic is a four pole revolving-armature type with 48 elots
making 4 slots per pole per phase. in examination of the wave
shows & good sine form but with & pronouncei £3 harmonic. The
amplitudesof theee "tooth ripples" are & about 154 of the
fundimental. The source of the rip;les is eaeily found from
the formula given on page 6. The machine has 48 elote end four
poles hence S= 4&/4 or 12 slots per pole. The tooth ripples
due to pulsatione of the field would then be £S-1 or & twenty-
third harmenic. an exasmination of the poles chowed & design
which would give & maximum of pulsation., The pole-face could
have becn mad. slightly wider or narrower and the amplitude
of thc ripples would probably be reduced considerably. Further-
more, the narrow air-gep employed is most favoreble to the
production of flux pulsetione. If & wider air-gap could be

used it would also help in eliminating the rip:les.



-2-

General ulectric 10 K« Lotary Converter.
DC Volts =220 Aumps=- 45.5
1800 KRPlie
AC Volte -147 Amps-43
This machine is slso & four pole wachine with a 48 slot
ermuture making four elote per pole per phese. The photograph
cshows & elightly peaked wave ferm containing a twenty-third
harmonic of about 9% amplitudc. These ripples again follow
the formule f= 2s8-1, 5 being equal to 12 as in the previous
case. The peasked wave is due to a fifth harmonic in the flux
distribution.

The phase-belt of & converter is necescurily a span
of 120 degrees which for the third harmonic corresponde to
360 degreds. lence sny third harmonic will be neutralized
and cen not -appear in the terminel e.m.f. as is aleo the case
of eny odd multiple of the third.

But even if at were possible for the third harmonic
to appear at the terminale of the windinge it could not
appear in the terminal voltage of the mechine due to the
delta connection which would cuuse the thigd and any multiple

of it to be short-circu'ted in the closel delta.
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Western .lectric Converter SR K.
Thie machine wes built from a 7% hp motor and heuce has no
specisl nsme-plate data.

The wave form is very similiar to that obtained from
the G.o. machine except that the touth ripples ere not as
prominent and are of e higher order coming perkaps from the
to and fro motioa of the flux which would give & 47th or 4oth
in a 48 slot wachire with four poles a: explained on page 7.
Sparking at the commutator also secmed to contribute to this
acticn.

(These double frequency harmonics were elso found to
aprear in the e.m.f. of the G... converter during later
runs and with too great & consistency to be chargeable to

e resonant condition in the ribbéne of ‘he oecillograph.)

-4~

¥rom & 13KJ monverter built asc & thesis experiment by one
of the students. Thie i¢ & 31 slot mechine and plainly shows
st
& 31 hermonic due uundoubtedly tc the to &ud fro motion of

the flux.
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Fort wayne Alternstor ;17088 Type TKB Form B3
60 Ki. 2300 Volts, 12.5 Amps 1200 klii. (itar connected)
Thie machine #e a six pole revolving-field type with 72
slote + Again we have 12 elote per pole &nd from the foruula

25+1 we obtein a 25‘h harmonic which ie that present in the

photograph.

-6-
No-load voltage from line to neutrel of the above
alternator. Thie wave ie slightly flut topped due undoubtedly
to & third hermonic in the flux distribution. This distortion
cannot apoear in the line voltege of the machine because of

the star connection which elliminates the third.

7=
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This shove the voltage from line to neutral of the
same machine when under approximetely full-load. The very
pronounced third hermonic precent ie due to armature reaction
end will be found in the neutral voltage of &ny alternator
under load. Uhe megnitude of this third will depend not only
on the load but upon the power-fector, a lagring current
producing much greater distortion than the same current at
unity power-fuctor. Of courese it is &lso fundimentally
dependent on the design of the machine. tpecial design to
eliminaete thie harmonic is poecible anl forms &n exception
to the above estatement.

The presence of this third harmonic at the neutral
of an elternator forms & most interesting problem in
the interconnection of the neutrals of machines when operat-
ing in parallel. This will be teken up briefly in the

following peages.

-8=-

This photograph it of interest merely to ehow how the
"tooth ripples" are eliminated on the line when several
alternators are operfted in psrallel. Thie mugd of course
be accompanjed by &n equelizing current in the connecting

lines.
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Parellel COperation of Three rhase Geuerators,
with
Neutrale Interconnected.

The subject of neutrel currents hus been diccusced
in conciderable detail in the following worir on transformers
8o & complete diecussioan will not be pluaced here. It is
generally understood that they ere of triple frecuency and
are produced by those harmonics of e.m.f. which curnot exist
in the lines of ¢ threc phace c¢yeten. de will take up
the subject as related to the parallel operation of alternatorc.
Consider & three phase star-connected generator in
whose windings e.n.fs. are generated containing triple
harmonics. The e.m.fs. in the colls differ dp phase by 120
fundimental degrees, ti.e thigd harmonice differ by 3X 120
or 360 degrees, th¢ ninth harmonics by 94120 or 1080 degrees,
or, the trigle, ninth, fiftcc. .ty unl 2il odd waltiples of the
third harmonic are in phuse in all three coile. Lince the
potential difference between the outer terminals of the two
windinge is equal to the potential difference between the
the e.m.fs. generated in the coils- the triple harménics
end its odd multiples will diseppear. Other harmonics will
not be eliminated and will appear in the ccme magnitudes &as

in the coil voltage:. Thue in a 3 phase etar connecte.

gystem no triple harmonic voltege cen exist between the lines.

If this generator ic conrected to & balenced star-
connected load currente will flow in thre lines of such wave-
form end magnitud thet the potertinl dif erence betwecn the

terminsale and neutrel peint (of the lowd) will differ from

the coil e.m.fs. of the generator only by conteining no triple
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harmonics. There ca&n te nc currents of thece fre uencies
because they would be iun phase in €1l three lines and heace
could heve no return sath. It ie evident that there will
exist between the neutral of the generator =nd that of the
load, a voltage made up of the triple harmnonice gencreted

in the coile of the alternator. If ihese points sre conrected

currente o corresponding frequency will flow. “he current
in thés intercon:iection will be three times the triple
frecuency in the lines.

If instead of & load another generator is connected to
the first a difference of potentiel will exist lLetwees thelr
neutrals equal to the vect.r difference between their coil
emfs., with the neutrales ianterconnected & current 111 flow
limited by the impeiences of the mschines to triple haruionicc.
These impeduaces are in general mucl sueller than the synchro-
nous impedunces.

If the triple frequency e.mn.fes. in the two maclhines are
equal &nd in phese there cean be no neutral pctential difference
and hence no current ia the neutral. Thi: ideel condition can
exist in general ouly when one or more of tie¢ following cond-
itions sare obeerved;

l. iqual instantaneous angular velocitles,
€e Similier wuve forms,
3. wqual loads,
4. cwxcitation correcponding to the loac,
6. Absence of all triple harmcnics,
1) keciprocating machines whose angular velocities pulsates

will produce csurging betwecn the alternetors operated by them.






It hac tecn found‘by experience tc be wcre traublesone in
producing neutral currents than interchenge betwecn phases.
Llacrines thet will operate very cetisfactorily without neutreal
connections huve caused serious trouble when operated with
them. The obvious preventative for trouble of thie kind is
more unifornm rotetion - the use of turbine drive.
) Lactines freguently differ coneidersbly in wave formf
Zhey may be etimiliar «t no load but dif_er when loaded on
account of armeture reactio n. Attempte to operate generators
thus differing have resulted in enormous neutral cutrents.
The preventdtive in this cave 1is carcful ad justmant of wave
forms.
3) AS ctated above, generators me, have the stme wave
forms at no load or at ecual loads yet the forms at any two
different loads may be dissimilier. lLiachiunes thus operated
at unecual lcads will ghow neutral voltage or currente. Thece
load differencec are eatclly controlled except in the cuege cof
eurging mentioned sbceve,e0 no trouvle chould arise. At the
ingtent of synchronizing however, the loxd difference is a
maximun eni veriou: trouble mey occur. vifficulties ol tlic
kind hacs bade the opcration of gynclronizins impos:ible with
geveral mechines 0.1 tle line. The obvioue preventative 1is to
cloge the neutral connection after the loads &re wvdjusted.

In 211 the wbove cages th. interchenge of triple
harmonics nay be reduced by ucing inmpeduaces whiclh are inserted
in the neutral comnnection. These impedances mey be object-

ionable o0.a &cccunt of their size or the voltagse drop in ceacse



of unbelenced load. The neuatrel currvenls cuay be elilinated
by the connection of but & simgle generator to the neutral
bus but thie mathod har ite limitatione. If more thin one
generator muct be operated with neutral connection and if
impedsnces are undesirable then thre only remedy is to obtain

machines grenerating no triple hermonic e.m.fs.

It is unsafe to depend on satisfactory operaticn of
alternators with interconnected neutrals unless trirple
harmonics are eliminated by proper design. _uch nechines
are practicable and ghould be specified whenever perall@ling

of neutralc is required.







- Appendix., 1.

Alternator Wave Form.

The following oscillograms were obtained at the Ottowa Street
station of Lansing lMunicipal Power Co. They are especielly
interesting and valuable because they show what may be expected
from large well designed turbo-generators.

We had also hoped to study the current wave-forms in the
various lfnes and tie-linee between neutrals of the machines.
At the time the instruments were eet up there was nothing of
special interest to be obteined so we weee obliged to «beandon

this idesz.

Unit #2.
-Neme-plate Data.-

Westinghouse Alternator
Serial Ho. 702222
2500 K..J. 4000 Volts, 361 Amps.
3 Phase,60 cycle, 1200 R.P.ii.
(Y-Connected.)

This machine had been in operation in the plant for a

number of years but is of comperatively recent decign.

Phase Voltage of above alternator. (lio load)
This oscillogram shows a slight fifth harmonic which
produces a flat-topped wave. It is undoubtedly due to a fifth

harmonic in the field distributioxn.



-39~
Voltuge- Line to neutral.

Westinghouse 2500Kv.A. (lio load.)

While the chording snd distrivution of the windinge tend to
reduce distortions produced by the non-sinusoidal flux distrib-
ution there is still evidence of it in the terminal voltage as
shown by the above photo.

It would seem that since the wave ic peaked, that the
the field must contain this same distortion. It is probably
due to the rotor not beinc slotted uniformly around the cir-

cunference but having the iron left colid at the center of -

/ / / , 3 ¥
each pole. ; Srepection ulf a fater oivfs Souss Sors

J /
Wiln woir L0 as AT .

uUnit ;3. -liame-plate Data=-

General silectric Alternator.
Serial Nlo. 889489.
Type A0B-2-6250-8600 Form HT.
3600 R.P.il.
P.F. .8 5000 K.i.
£2300/4000 Volte.

rhie machine was installed about 1917 and consequently

represents ¢ very recent design.

-40-
FPhase Voltage BOOCK.W. Gen. ulect.



App. 3.

This shows a very good wave form with no visable harmonier. The
tooth ripples are hardly discernable on the film and to all

practical purposes, have been effectively eliminated.

Voltage- Line to Neutrel. (LNo load)
5000 K.W. Gen. Llectwic.
As wee the case with the phase-voltage, this wave is free
of harmonics and represents the resulte of good design.
It would be very interesting to see the line-neutral volt-

age under full load but this weac impossible to obtain at the tir

It is probable that very little if eny third-harmonic would
be precent . If this were the cuse one could be certain that
several machines of this type could be operated in parallel
and with neutrals interconnected without danger of excessive

circulating currents.

-42-
Phase-Voltage (Incoming Bus)

This voltage wes taken from the buses that tie in with the
machines at the Cedur St. station. At the time the oscillogpuph

wae taken therc were three machines connected to the lines.



These were a 2500 KW and a 2000 K./. muchine at Ceder Street
station counected to & Deltz-Delta step-up benk &nd transmission
line to a step-down bank connected Delta-Star with the neutrel
grounded. (This secondary voltege is thereby made suiteble for
connecting in with thc 4000 volt machines &t the Ottowa street
station.)A small water-power plant is statioanec near this last
bank of trcnsformere and & 700BVW. mechine with grounded neutral

wae connected here.

Line to Heutrai. —(Incoming Bus.)

Tcken at the same time as Nlo. 42, we find the same wave
shape as wa: obtained in the luvorstory for the deltw star
connection,thet is, the weve ie slightly flet-topped.

Lp

-44-
Phace voltage (Ineoum Bus)
2000 K.W. lachine operating alone at Cedar St.

Line to neutral voltage. (Incoming Es.)

2000 K.W. liachine operatine elcne &t Cedar 3t.




From = study of these curves it will be &_.rarent thet they
are not siwmilisr and thet in partllel operetiorn, circulating
current: are bound tc exist. This will be especisally true of tre -
neutral tie lines due to the greater difference betwe n thre
wave form of t-e neutrel voltege in the¢ different units and froum
the transformer bank. Furthermore, when loaded,thic difference
in wave forw ey be greetly increased beeause of the difference in
charucteristic: betweent the alternators und the trensformer, thre
latter huving the csame through £ll ranges of loed while the
neutral voltage of un elternator under loal will very cften

contain a strong third-hari nic due o armeture reaction.

At various times trouble has been experienced in t-is
plant becssuse of the excessive clrculuting curre.t in the neutral

wire,
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Wave form in ’lternating Gurrent Gircuits.

g

Distortion of wave form will occur whenever a sine e.m.f.
is impressed upon & circuit conteining;
1) Pulsating inductance,

2) Pulsating Resistance,
3) Pulsating condensance.

In many commercial circuits one or more of these conditions
may be found with consequent distortion of either current or
voltage waves.

1) Thus in any eircuit containing an iron-clad inductance
the reactance varies while the current changes from its zero
to its meximum values. Moreover the variation is not the same
for the decreasing as for the increasing values of the
current.

2) lLikewise the resistance in the vapor of an arc lamp
decregses with inorease of current and produces interesting
distortions of the current or voltage waves.

3 ) Similarily under conditions where corona is produced at
the orest of the voltage wave thc condensance pulsates during
the voltage cyclg. In a long high voltege transmission line

this produces distortions in the charging current.

It is evident that in the discussion of current wave
shapes we must divide them imto two groups;
&) Circuits with constant resistance, inductance and capacity.

b) Circuits with pulsating resistsnce,inductence and capacity.






a) If the voltage applied to a circuit containing constant

r, L and C is of sine form, the current will necessarily be of
sine form of the same frequency but differing in megnitude and
phase position. (Photo 9.)

g2

But if a complex wave of e.m.f. be applied each harmonie
will produce its own current independent of the fundimental or
any other harmonic. However, the relstive magnitude of the
harmonics will not be the same as for the voltage wave for in
each case the maximum current for each harmonic depends upon
the impedence of the circuit to that harmonic. It is readily
seen that the relative walues of r,L and C are of great import-
ance in determining the current wave from & given impressed
voltage wave.

Thus & circuit containing resistance only will have a
current which is in phase with the voltage wave and of the same
form.

In e circuit having both resistence and inductance the
current wave differs from the impressed voltage. The higher
the harmonic the less current flows for the same impressed
voltage due to increase in reactance with increased frequency.
For this reason the current harmonics are smaller than those
in the voltage and the current wave more nearly approsches the

sine form.






&1

In a circuit having resistance and condensance the
reverse is true because with an increase of frequency the
impedance is lowered with a proportionate inerease in current.
Hence & complex voltege wave impressed upon such a circuit
will give & current wave in which the relative values of the
harmonice will be far greater than were found in the voltage
wave. This is shown in photo 10 which is the impressed voltage
and the line current of & transformer which has a small condens-
er connected across the secondary. While this does not show
a sinusoidal current wave due to the presence of iron in the
transformer it does show the amplifisation of the harmonies by

the condenseg.

«10-

(Such would be the efrfeect if this e.m.f. was applied to & long
transmission line- the charging current would contain very

pronounced harmonies.)

If a circuit ceéntains resistance, inductance and
capacity, the wave form of the current with & given impressed
voltage will be determined by the relative values of these

quantities.



Distorted current waves in circuits with pulsating inductence.

The main sources of pulsation in inductive reactance in
a cirouit are;

1) Var iation of the reluctance around the armature conductors
due to synchronous rotation.

2) Variation in permeability and the hysteresis with the flux
density in iron-clad circuits.

The pulsation of the generator field caused by the relative
position of the armature slots as & primary source of voltage
distortion is discussed in the previous work on alternators.

It is evident that & similiar effect is produced by 8 synchronous
motor or any other synchronous apparatus with slotted armature

in the circuit. The harmoniecs introduced are obtained form the
same formulse that are gpplied to generators. With a large

air gep, large number of slots per pole, proper shaping and
spacing of the armature slots and using fractional pitech wind-
ings the distortions produced by pulsations in the synchronous
reactance may be reduced to practically negligible values.

The second factor producing pulsations of inductive reactance
is present in all iron-clad circuits. The value and nature of the
distortion depending upon the hysteresis loop of the particular
iron used.

Consider an iron-cled circuit having an alterncstémge.m.f.
applied. The impressed voltage must at each instant be balanced
by the induced or counter e.m.f. produced by the increasing or
decreasing magnetic flux. Hence & magnetizing current will flow
in the circuit just suf:icient to produce the flux required to

balance the impressed voltage.



e

With a given hysteresis loop and sine flux the megnetizing
current corresponding to any point on the flux wave is found
by drawing the horizontal line ac Fig.4, and taking the distance
ab from the hysteresis curve. By laying off on ordinate dc the
distance equal to ab one point on the current wave is found.
The maximum of the current will come at the same time as the
maximum of the flux wave but the current wave will not be of
sine form. It will consist prineipally of a third and & smaller

fifth harmonic superimposed on the fundimental sine wave.

In figure 5 are shown the imprasséﬂﬁ;;iz;g;TAESgnetizing
current &nd flux in an iron-clad circuit. The equivalent sine
wave of current is drawn to show that there is & power compon=
ent consumed by hysteresis. It is equal to the product of the

current, voltage and cosine of the phase angle,(90°-0.
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Transformers.

The single phase transformer is the simplest and most
efficient of alternating -current apperatus. It consists of
a magnetic circuit interlinked with two electric circuits,a
primary and & secondary. At full load both the leakage flux
and the power loss in the trandformer are small compared with
the total flux and the power transmitted and in a preliminary
discussion need not be considered.

In an "ideal" transformer (one having no losses) the
voltage ratio is directly and the current ratio inversely
proportional to the number of turns. The ratio between the
number of turns on the primary and secondary may be any value
and in commerciel designs it varies within wide limits.

The current and voltage relations in the primary and

secoddary windings are clearly shown in the following oscill-

ograms.

-11-

Here it is evident that the primery magnetizing current
lags the impressed voltage by 90° as shown by the fect that the
maximum of current occurs when the impressed voltage is pass-
ing through the zero value. The distortion of the current wave

due to the variation in permeability of the core, is also

plainly shown.
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=12~

This shows the primary magnetizing current and the secondary
e.m.f.4 comparison of 11 and 12 shows conclusively that the

secondary e.m.f. is 180° out of phase with the primary impressed

voltage.

Voltage Wave at Alternator Terminals.

-13-

Voltage Wave at Secondary of Trensformer.
-14-

Photograph 14 shows the same voltage wave that is shown in
13 except that it has been through a transformer. It is merely
to show that the secondary voltage is =un exact duplicate of the
impressed voltage under ordinary conditions-when operated

single phase.
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«l5-

Secondary e.m.f. of transformer and secondary amps. with a
light load at unity power-factor. It is interesting to note

the duplication of voltage harmonies in the current wave.

Current Transformers.

The above transformers are all of the constant
potential type. In power measurement work transforikers cre
necessary to allow the measurement of heavy currents Wwith
small meter elements. It is common practice to use 5 amp.
meter elements and depend upon current transformers to increase
the range of the instrument. These transformers are usually
built with ratios of 5/1, 10/1, 20/1, etc.

The accurgcy of the measurements is of course depend-
ent upon the accuracy of the ratio. At full load this is less
subject to error than at lower loads. The cEief cause of error
in ratio is the employment of an impedance in the secondary
circuit higher than that for which the transformer was designed.

For power measurements it is necessary to know that
not only the ratio of transformation is correct but that the
phase relation of the prdmary and secondary currents are correct.
In other words,the secondary current must be an exact image of

the primary current.
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To show this we have taken an oscillogrem showing the
line voltage and the secondary amps. from & 5/1 current
transformer. The load was &bout 20 amperes &t unity power-
factor. (Phato 16.) The current wave from the secondary of
the transformer is not appreciably out of phase with the voltage
and a comparison with the oscillogram 15 shows that it is an

exact image of the line current.
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Transformers in Three Phase Circuits.

The wave shape distortion in an iron-clad magnetic circuit
has a very important bearing on transformer connections in

three phase circuits.

The e.m.f. and currents in & three phase system are dis-
placed feom each other 120 degrees. Their third hermonics differ
by 3x180 or 360 degrees,or,are in phase with each other. That
is, whatever third harmonic of e.m.f. or current mey exist in
& three phase circuit must be inphase with each other in all
theee phases, or in other words, for the third harmonics the
three phase system is single phase with no return circuit.

1) The sum of the three emfs. between the lines of a three

phese system is zero. Since their third harmonics would be in

phase and so add up, it follows;

That the voltages ocannot contain any third harmonic or
overtones. (374, ch, 15th, 218% et0.)

2) Since in a three wire threc phase system the sum of the three
currents is zero but the third harmonie current would be in
phase and their sum therefore not zero, it follows;

That the currents in the lines of a three wire three phase
system or in other words the Y current cannot m ntain a
third harmonic.

Third harmoniocs however can exist in the Y woltage or the
voltage between line and neutral of the system and since the
third harmonics are in phase with each other, in this case
a potentinl difference of triple frequency exists between
neutral of the system and 8ll three phases as the other terminsal,

In other words, the whole system pulsates against the neatral

at triple frequency.
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Third haymonics can &lso exist in currents between the
lines or ,delta currents,since the two currents from one line to
the other two lines are displaced 60 degrees from each other
their third harmonics are in opposition and therefore neutralize.
That is, the third harménic in the delta currents of a three
phase system do not exist in the Y currents in the lines but
exist only in the local closed dircuit or delta.

Third harmonios can exist in the line currents in a four
wire three phase system or a2 system with grounded neutral. In
this case the thirde of current return jointly over the fourth
or neutral wire, and even with balanced load on the three

phases the neutral carries & current of triple frequency.

With a sine wave of impressed e.m.f. the current in an iron
clad ocircuit such as the exciting current in a transformer,
must contain a strong third harmonic otherwise the e.m.f.
cannot be & sine wave. Since in the lines of a three phase
system the third harmonic cannot exist, interesting wave-shape
distortions result in transformers when connected to & three
phase system in such a maenner that the third hermonic of
exciting current is suppressed.

For instance, connecting three resctors &s the primary
coils of three transformers- with secondaries open-circuited-
in star or Y into & three phase system with a sine wave of e.m.f.
impressed on the 1lines; normally the voltage 2cross each trans-
former should be & sine wave also and equal to llinefvg: This

however, would require that the current taken as exeiting ocurrent
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contain a third harmonic. £s such & current cannot exist in a
three phase cirouit fhe wave of magnetism cannot be a sine wave b
but must contain a third harmonic. The e.m.f. generated by this
flux and therefore the transformer or Y voltage must contain a
third harmonic an@ its overtones, and of an amplitude three times

a8 great as that of the flux because of the triple frequency.

With three transformers connected Y into a three phase
system wath open secondaries we have then, with a sine wave
impressed on the lines, the conditions:-

1) The voltage at transformers or Y Yoltage cannot be a sine
wave but must contain a third harmonic and its overtones,
but can contain no others as the fifth, seventh etc. woudd
not eliminate by combining two Y voltages to the delta or
line voltage and the latter was assumed to be a sine wave.

2) The exciting ocurrent in the transformers cannot eontain any
third harmonic or overtones but may contain all the others.

3) The magnetic flux is not & sine wave but contains a third
harmonic and its overtones corresponding to those of the Y
voltage but contains no other harmonics and is related to the

exciting current by the hysteresis cycle.

The practical importance of this is that by suppression
of the third harmonic of exciting current in the three phase system
the effective value of the valtage per transformer or between
line and neutral, is inoreased by perhaps 10% while the maximum
value increases to perhaps 50% higher than normal and the voltage
wave 18 very peaked by a pronounced third harmonic of about 40%

of the effective value of the totel wave.
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The very high peak of e.m.f. produced by this wave-shape
distortion 1s 1iable to be dengerous in high potential three
phese systems by increasing the strain on the insulators
between line and ground and leading also to resonance phen-

omena with the third harmoniec.

Assuming now th#%—&n such transformers connected primary in
Y and the secondaries delts;

The third harmonic of e.m.f. generated in the transformers
secondaries are then in series in short-circuit and thus produce
& loocal current in the closed secondary delta. This current is of
triple frequency &and hence supplies the third harmonic of excit-
ing current which was suppressed in the primary. That is, by
connecting the transformer secondaries in delta the wave-shape
distortion disappears and the voltage and magnetism are again
sine waves and the exciting current is that corresponding to a sine
wave of magnetism except that it is divided between the primary
and secondary; the third harmonic of exciting current does not
exist in the primary but is produced by induction in the secondary.
Obvéously in this case the magnetic flux and the voltage are not
perfect sine waves but contain a 8light third harmonic which
produces the triple frequency exciting current.

If the primary negtral of the transformers is connected
te a fourth wire as in a four wire three phase system or & three
phase system with grounded neutral, and this fourfh wire leads back

to the generator neutral or a neutral of a transformer in which
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the triple frequency current can exist- that is,in which the
secondary is éonnected delta~ the wave-shape distortion also
disappears.

It follows therefore, that in & three phase system attention
must be paid to provide & pabh for the third harmonic of the t
transformer exciting current either directly od inductively,
otherwise a serious distortion of the e.m.f. wave of the trans-

former occurs.

(Oscillograms were taken with different transformer connect-
ions to show that the theory given above is true. These
photographi will be shown as the warious methods of connecting

are taken up. )
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Three Phase Transformer Connections.

Delta-Y,

Connecting the primery in delta and the secondary Y
becomes necessary in feeding four wire three phese systems.

The Y connection of secondaries allows the bringing out of the
neutral wire while the.delta comnection of the primaries maintains
the voltage balaunce at unequel distribution of loads.

The delta~Y connection of step-up transformers is
frequently used in long distance transmission to allow grounding
of the high potential neutral. ( Under certain conditions it is
liable to induce excessive voltage by resonance with the line

capacity.)

Prim.-Delta, Sec.- Open.
Primary line volts and amps.
«17-

Assuming & sine wave of cusrent, the current-voltage relations
in a three phase star connected circuit would muke the line current
at unity power-factor lead the voltage by 30°. But sinee the
magnetizing current of = transformer is nearly 90° lagging we
would expect to find the curreht in the above oscillogram leading
the voltage wave by 30° - 90°. This would mean & lag of 60°.
Apparently the lag is greater than this, but it must be rememberec
thet the theory assumes a sine wave and if we reduce the current

wave in the above photo to eguivelent sine wave it will be found

to lag almost exactly 60°.
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It is also apparent that the harmonic present is & prominent
fifth which may be expected in the exciting current of & trans-
former, but the third which is most prominent in single phase
circuits is entirely absent in the three phase circuit. This

is further support for the theoretical explanation of the fact
thet a third harmonic of current cannot exist in & three wire
‘three phase line. (See (2) Pp.28.) The suppressed third
harmonie of current will flow, however, in the closed delta

&8 explained on Pp.231l, for it is immaterial whether the delta

circuit be on the primary or secondary side. (See photo 20.)

YéDelta.

The Y-delta connection is, in general, not permissible
since it gives what has been called a floating neutral; the
three primary Y voltages do.no& remain even approximately
canstant at unbalanced loads on the secondary delta, but the
primary voltage corresponding to the heavier loaded secondary &and
therefore 8lso the corresponding secondary voltage collapses.
Thereby, the common connection of the primary shifts towards
One corner of the e.m.f. triangle or even outside of it. 4As a
result the secondary triangle becomes very greatly distorted
even at moderate unbalancing and the system loses &ll ability
to maintain constant voltage at unequal distribution of the load
and becomes inoperative.

For instance, if only one phase of the secondary triengle
is loaded, the other two unloaded, the primery current of the
loaded phase muet return over the other two transformers which
at open secopderies act as x very high reactances, thus limiting

the ocurrent and consuming prectically all the voltage, and the
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loaded primery, and thus its secondary, receives practically
no voltage.

Y~Delta is feasible only if the secondary loed is belshced
or if primary neutral is connected with the generator neutral
or the secondary neutral of a step up bank in which the primaries
are connected delta,and the unbalanced current cen return over
the neutral. If with Y-Delta connection in addition to unbalanced
load the secondary carries polyphase motors, the motors take
different currents in the difrerent phases so that the totel
current in all three pheses is approximately the same. That is,
the motors act as phase converters and so partly restore the

balance of the system.

Prim.~Y, Sec.-Open. (isolated neutrsal)
Primary line volts and amps.
~18-

The fifth harmonic of magnetizing current i8 very pronounced

just as in {17 and elso the fact that no third can appeer in the

current in the lines is further substantiated.

Prim.~Y, Sec.-Open. (isolated neutral)

Line volts, Line-neutral volts.
=19~

This shows the presence of & very pronounced third

harmonic in the voltage across the transformer primaries.






Due th this pe:zked form the meéximum velue of the e.m.f.

im
impressed on the transformers is considerably grester than

would be expected from the given line voltage.

Prim.-Y, Sec
Prim. line volts,
w20

~-delte. (isolated neutral)
Current in closed delta of sec.

This photo clearly shows the triple frequency current that
flows in the cdosed deltz when the third harmonic is suppressed
in the primary. The veriation in amplitude of the third
harmonic wave is due to the slightly different operating cher-
acteristics of the three transformers, working perhaps at

slightly different flux densities.

Prim~Y, Sec- Delta. (isolated neutral)
Prim. line volts, Prim. line to neutral volts.

By comparison with photo no. 19, the effect of the closed
delta is epparent. The third harmonic component of megnetizing
current being supplied by the triple frequency current in the d
delta, the flux and hence the secondary voltage is no longer
distorted, As explained on page 31 there is a slight distortion
from true sine form, for it is this distortion which produces
the triple frequency current by induetion. The oscillogram shows

this as a slightly flat-topped wave on the secondary.






Prim- Y, Sec- Delta. (isolated neutral)
Prim.line cureent, Prim.line voltage.

This wave shows & slight fifth in the line current but not

&as pronounced &s when the delta in the secondary is opened.

Y -Y Connection.

In this cese if the neutral is not fixed by connection
with a fixed neutral either directly or by grounding it, the
neutral is also"floating" and so abnormal voltages may be produced
between the lines and neutral without appeering in the voltage
between lines, and mey lead to disruptive effects or to over-
heating of the transformers. Hence it is not safe to use this

connection without fixing the neutral.
To show how interconrection of the neutral eliminates

the undesirable harmonics, we have taken the following oscill-
ograms. Due to the fact that all of the generators in the lab-
oratory weee without neutral connections, the neutrasl obtained

to tie in with was from a Delte-Star bank of step-down transfore

Prim- Y, Sec- Open (isolated neutral)
Prim.line volts, Prim.line to neutrsl volts.
-23=






This photo(no.23) shows the same distortion of the neutral voltage
28 we would expect to obtain with isolated neutral and open

secondaries.

Prime Y, Sec- open. (Interconnected neutrsl)
Prim.line volts, Current in neutral connection.
«24-
A triple frequency current is found to exist in the
neutrel wire. This current is the triple frequency component
of magnetizing current and we would expect no distortion of

the line-neutral voltage with this connection in. This is

shown in the next photo (no.25).

Prim-Y, Sec- open. (Interconnected neutral)
Prim-line vs%gﬁ, Prim-line to neutral w1lts.

Where in transformer connections in polyphase systems a
neutral or comon connection exists, care must be taken to have
this neutral & fixed voltage point irrespective of the varietion
of the load or its distribhtion, otherwise harmful phenomena

mey result from a "flooting" or unstable neutrel.






Open- Delta Connection.

The operation of the open-delta or V-V connection on
& three phase system is slightly different from that of the
three transformer method in that the third harmonic is not
suppressed in the lines. This is due to the fact that only two
transformers are uced, one phase being transformed by two
transformer: in series. Hence the third harmonic of exciting
currefit may be supplied by two of the phase wiree and the
third wire will act as a returm, and because the third harmonics
are in phase in all three phases therc will be no distortion of
the voltage in that phase which is transfor ed by the t.o

transformere in series or in either of the other two,

eltla.
Prim-line volts, Prim- outside line amps.
«26=

This showe plainly that the outside line ic carrying &
third harmonic of exciting current exactly as in a singl phase

transforumer.,

pen delta.
Prim-Line volts, Prim- common or middle line amps.
-27-

Th# current in thie middle ,or common wire from the V
is apparently a resultant of two waves shovm in £6, and showe
that this wire acte ac & return fotr the otkrent in the other two

lines.



Ififerconnected-Star or zig-Zag.

Thie connection is especially useful in connection with
& converter in deriving a neutral for operation of & D.C.
three wire csystem. . hen the load ic placed on the D.C. cide
even tho it is unbalanded the current from the neutrsl through
the transformer windings flow in oppocite directions in each
traneformer and the magnetic effects on the core are neutralized
and hence cause no saturation of the cores as i. the case of
the plain Y connecticn., Furthermore there is no third harmoniec
present in the voltage to neutral although it is present in the
voltage across each coil or a single secondary coil placed on
the core. Thic is because of the fact that the E.li.Fs. in the
coils connected in series are 60 degrees out of phase, hence
the third harmonics are 3 X €0 or 180 degrees out of phase and
therefore neutralize end cannot cppear &t th: terminals,

a

Thie relation is clearly chown in the :companying figure.

To show the uyplication of the interconnected-star to the three

wire D.C. system we have teken the following oscillograme.

Prim- Plain Y, Sec-open.
rim- A.C.volte, Volte-neutrel to D.C.line.

-08-

Showing the D.C. voltage pulsating at triple frequency due to the

triple harmonic e.m.f. &t the neutral of & plain Y connection.



Interconnected star or Zig-Zag.
(secondery open)
Prim-A.C.volte, Volts- méutral to D.C.line.
-2Y=-
Showing almost entire absence of pulsation in the D.C.
voltage. The slight pulsation ie due to a slightly unbalsnced

operation of the three transformer:, probably because of the

presence of slightly different emounts ol iron in the cores.

Interconnected star.
Prim-applied volts, Prim- line current.
Showing the absence of the third harmonic of magnetizing
carrent as in all three-transformer connections a1 Teadiug
to a belicf that tuere muat Le a dietorted voltage across a

primary coil.

Interconnected star.
Prim-applied volts, Frim- volts across a cingle coil
31~

Showing the expected third harmonic in the voltage wcross

one coil or across & single coil which would be used ac¢ & secondary.

The resultant of two such waves 60 degrees out of phase would
eliminate the third harmonie. Thic ie done in the interconnection.



To further point out the importance of usdéag the inter-

connected star trancformers for deriving the D.CT neutral

we have teken the following oscillograme;

Prim- Y, Sec- open.
Prim- A.C.volts, Current in D.C.circuit to neutral.
=32~
This photo was taken to chov that the pulsations of the
D.C. voltage is carried thru into the current wave with

very clight if any decresse in saplitude with inereuse of load.

Prim-Y, Sec-open
ftim-A.C.volts,-ggim-A.G.line amps,(load on ®.C. to neutral)
Showing the very pronounced cecond harmonic in the line
current due to saturation of the core of the transformers by
the direct current. Thie conditionis eleminated in the inter-
connected transformers.

In this connection it may be interesting to mention the
fact that practically the only source of even harmonics in
commercial lines ie due to saturation of the coree in a trans-
fcrmer bank by direct current. Since it takes but & slight current
to produce eaturstion it is poesible when the transformers have
& grounded neutral in the vicinity of & grounded D.C. system &nd
struy currents from this system flow thru the transférmcrz and

into the transmission lines.
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Three-Two phase Transformation.

Balanced T or Scott Connection.

This connection ic in common use in changing from three
to two phuse or visa versa. It requires two transformere one
of which carriee & 50j tap snd one an 87% tap on the three phase
gide. Ac was the case with the open-deltc connection where only
two transformers were uced, thiec connection reduces the capacity
of the units to 86.6 per cent of the combined K.V.A. capacit .
Because of the fact that exciting current is furnished
by all three lines with & neutral point within the windings
which is not "fixed", the third harmonic of exciting current is
suppres :ed and an interesting distortion occurs in the voltage
on the two phase side. One phase comes through without distortion

but the other has a flat-topped e.m.f. wave. Thic may be

expluined by the accompanying figures.
a

A,B,and C are the three terminale and N the neutral point within
the windiugs.
Because of the supprescion of the third harmonic of exciting

current, this neuttal will pulsate with triple frequency Jjust
as in the case of the Y connection with isolated neutral and open
eecondary. The chifting of this neutrgl may be represented by
the point n revolving sbout the emall circle as shown= or by
the revolution of the points a, b, and ¢ about their respestive

centers with triple frequency. <cince 211 three points revolve



in synchroniem the e.m.f. between the points a, b, and ¢ remain
the came but since the point 4 ie fixed with reespect to A the
e.m.f. between a and d will contain & triple harmonic, as will

be obvious by cerrying the figure through & complete revolutioa of
the points about their centers . This cdistortion appears in

the line voltage on the two phase side in the form ef a flat-
topped wave, the other phase having a wave which is not distorted.

This is clearly shown in the oscillogram shown below. (H0.34.)

Three -Two phase, Scott Transformation.
Secondary voltages on Two Phese side.
34~

It is obvious that & distortion must aslso occur when changing

from two to three phase with this connection.

It is possible to eliminate this distortion by bringing
out the neutral and grounding it or by direct comnection with
generator neutral thus providing & path for the third harmonic
of exciting current and as in the case of the Y connection
eliminating the flux distortion and hence the voltage distortion

across the transformer.



Spezlal Uses 07 Truusiornoire.

Jstatic Freguency Couverters.

It is possible by maans of speciael design and ccanectica
of trancfermers, to use themn &s frequency couverters. DBy thic
means the frequexncy may be doubled with two transformers. The
efféciency of the set is low however, &nd for ordinary cowrerciu
work 1s impractical.

Cne velueble apolicetion of the method i+ found ia redio
work where tlie production of high frecquency current of the order
of 22,000 to H50,0C0 cycles ic necessary. o do this by mean:s of
a gencerator elone ig very difficult becaure ol 1he exces ive
gpecde at which the geaerator wust be rua. Dutl by building &
1C,0C00 c¢cyele necrine and ctep ing up the frecueancy by weuns ol 1
treneformers, quite sctigfactory recults ere oblained.

The principle of operetior for coubline t'e frecueccy ie
as‘follows;

4 eget of trancformers as shovi in the acconpan ing figure
is¢ wwde and Direct curreant is ep;lied to the .indinge so as to
saturete the ccrece If an ulter.atineg current ic then ap:lied -
the primery windlngs a very dictorted e.m f. vave will gipear ut

the seconaar, terwiruls. It wil be w tave couzteinine & very

v

pronounced second harmonic. liow if the secondsries are coatected
in ecries and with tl'e fundicentuale 160 cecrees out of phase
they will neutralize. The vecond harmonics will be 2 X 180 or
360 derrees out of phase or in other words trey are in phase end
will ad” up, eprearing at the term nels s a doulle freguency

e.Mefe






The following oscilloges.

LETNET o

60 cyc volts,= at eedondar £ DTMer 7le

i -35-

This chows & ver; pronounced second harmonic.

60 cycle,velte,-e.m.f.at secoudary of treneformer ;2.
=36=

The eame pronounced second harmonic a&s obtained in No. 35.
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60 cygle aprlied voltage and the double frequency obtained at

the secondary terminals. C(bteined by combining Cecillograus

55 and 3¢ with a phase diesplecement of 180 degrees.

Triple Preguency Trensformation.

In obteining triple frequency by means of two transformers

the principle is somewhat the came. Two special tranfiformers

are designed so that when their primery windings are connect.d

in series &nd an altercating current appglied, the flux density
of one transformer is much greater than that of the other. The
secondery e.m.f. wave of the traneformer working at high density
will be flat-topped while that of the other will be peaked.

Both of these weves contain & pronounced third harmonic and the
nhase relationcof these harmonics are such that if the secoudary
windings of the two trancforumers are connected ia series with the
fundimentals 180 degrees out of phase, the fundimental e.m.f.
waves vill neutralize while the third hermonics will carry through

end appear a& & triple frequency c.m.f. at the terminalc.

(uue to the epeciel deeign of trensformere recuired,

oscillogreme were not teken to illustrate this .ethod.)



Appencix 1,

Characteristics o2 oome Pol phase Trancformer Jcoineclions,
y B

(General _lectric lo.)

hree phese trensformer connectiouns.

l. Delta-Delta Connection.

sdvantages:
l. sny three similiar single-phese
transformers cen be connected in delta
at their rated voltage, whereas it would
not always be poscible to connect them Y.

2+ “he bank can operate in open-delta whken

one df the unite i disabled,delivering
86.6 per cent of the rated X.V.d. cepascity of the remeining units
Shell-type three-phase units must have their disabled prase dis-
connected from the others and short circuited. Core-type three-
phace units must have their disabled phase disconnected «nd cpen
circuited, which however, is not sl.ays practicabdble.

3. This connectio: is free from e£ll third harmonic voltege troutle.
The priwary and secondary deltas carry all the thir@-harmonic
magnetizing current which cannot appear oa the lines.

4, For relatively low voltages &nd high currents the delta conn-
ection gives & more economicul design then the Y connection.

Disedvantages;

1. The neutral cannot be derived.

Ze Differences in the voltege ratios of the units cause &
circulating current in both primary and esecondary windings lim-
ited only by their impedance.

Se Differences iun the impedances cause unequal load divisioa
among the unite.

4. ror very high voltages the delta connectioa co:ts comevhat
more then the Y connectiom.

5
II. Y-Y Connection,

adventages:
1. The neutral can be brought ogt for
grounding.

£, The differences in retio and 1npfd-
ance of the units do not ceuse_eny
culeting currents or appreciatle unecual
loed distribution.

3. Por relatively high volieges end suell currente the Y-comnect-
ion is penerelly more cconcmical than the dclta conaectin.
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sag’y

4. A chort circuit in or ca cne phuve does not ceuse a pc
erort circult;except & very l, ! isins eurrent due 10
the over excitatio . of 4% receliiny usite et 1.73 tizes the
ratel v.ltuge.

T

Diegdvuatepes
l. “ke neuatrel ie¢ unstable.

2. "he machines cusnct be loeded cincle-phase lince to ueutrgl

unles - the neutrel of the prisury is coanected to thet of the
generator.

5. There ig ¢ thir¢ harmonic voitege frouw line tc neutral (althe
it doec not apy ear bvetweeu lineg) swouati.s to s much as B per
cent in sinpgle-phase units end :hell t pe lhrec-phesce w.its, and

~

3 or 4 per cent in core type u:iits,

4, If the neutral ie -~rourded this third harmonic vcltage muy be
aggravated by the caprcitance charging current ¢f tre lines, uni
may alco ceuse telephone interference.

he Y=Y bun’t ¢ nnot opercte tengorarily with too unitse whea coe
i diestbled.

Ve

u..it

6o a short cireult ou cne uait reices the veltege ol the other
waity to 1.7C times normel value.

secomnendutione,

Tue to the third herucnic voltege troalles, the Y-Y connectlon
of hirh-voltege tincle-phase unite or thell-type threc-phace
unite is a0t tc be recomended except under the follovwins condit-
fons in which e low-impedance path ic offered to the flor of the
third-haruonic excitetioa curreat and trereby the third-harwonic
voltage ii euprrescsed. Thu:u:

1. .ren the neutral of the primary Y is }erm&neatlJ cornected to
the unecutral of the gencrator. IS this counectioa is opened for
reason the third-harmouic voltage reapsearc.

ey

("

£. If tre neutral of the recondery Y of a step-u bunk is grounded
and i¢ gleo permanently connected to a orounded Y-primery, delte-
secondary translormer. The third-tarmonie excitiac current tlen
circul:-tee between the two hanke. In this ease, Lowever,
a) Tele_hone interference should be tukean iuto ccavideratio:.
b) If the Y-delta trancformer is dicconnccted froin: the lines
or the grouwnd ova ite neutral disconcected, or its delte
opened, the third-harwcuic voltage reeppesrs on the former
with the aceccupainyiing dengers of reconance.

3¢ If the secondery Y ie permaneuntl; connected to & 3nc‘ruuou\
converder in diametric fe¥Tica.l.ce .ec XXIV,Y- dlvmetric Jon:i. )

4, If the ncutrel of one Y is perwmenently coniected to the neutrel

of a Lig-zag wuteo-trensformer (cirectly or thru ground) on th=
gewe linec,






6. If auxildary windinge ftertiary windings) are proveded
connected in delta.

The Y-Y connection of core-typr three-phase uaite is alwayr
safe whether the neutral is grouldeg or isolated, so far as the
third-harmonic voltapge streeses are concerned. However, en
such & uanit is grounded with & lo

mpedance return peth such as
mentioned &bove, the third-harwonic current in the neutral will
be apprecieble and telephone interference may heed consideration.

IIT, Y-Zig-saeg Connection.

Adventages:
l. The ncutral of the zig-zag can be
grounded without any third-harmonic
voltage trouble. . third-harm:nic volt-
age appears in ea:h coil but not from
line to neutral on the zig-zeg cide.

2. The mechine can be l-aded with a cingle
phase load froi line to neutral of the
zig-zag.

Disadvantages.

1. The connection requires 15 perccent more copper for the zig-zag
then for the ecuivalent Y.

2. The regulation and efficiency are liakly to be comewhat poorer
than those of the equivualent delta-Y.

Lecommendstions:

As a stenderd con.ection delta-Y ie prefersble to the Y=
zig-zeg connecticn. The latter, however, may be advieable in sowe
exceptional cases as, for instance, when a chunge in systewu voltage
is comtemplated end the transformers may be temporarily operated
delta-zig-zag to be chenged later on th the Y-zigzag.

IV. Delta =Y Connection.

Generally considered to be the best three-
phase connection.

Advantages:

1. The neutrel cen be brought out both for
grounding and for loading.

2. The neutral is stable, being locked by the delta.

third-harmonic voltapec.

3+ The connection ie practieally free fr
harmonic exciting current.

The delta circulates the necessary third

4. Difzerences of mugnetizing cuerent, voltage ratio, and impedence
in the different 8 are adjusted Ly & 11 gnetizing
current circulating i.. the delta.




6. 4 short circuit tn one leg of tke Y does not effectnthe voltapes
on th: secoandary lines.

6. 4 single-phase chort circuit cn the eecondary lines eaus-s a
smaller short-circuit strees on a delte-Y banx than on a delta-
delta con. ected one.

Diseadvantagess

1. The delta- Y benk caanot operate pemporarily with two units
when one of the tunits is discbled.

2. 4 short-circuitl in one unit is exteaded to &ll theee unites.
3. If the delte on the prim gide should accidently bec

opened the unemcited leg on the Y eide may resonate with the
line capacitance and cause damage.

Y. Cpen-Delta or V-V Connection.

Advanteges:

This connectioa reguires only two units
and is, therefore, useful as en emergency
connection.

Disezdventages:

1. The internal power-factor being only
86.6 per cent (assuming unity power-factor loed) it can deliver
only 86.6 per cent o7 the reted K.V.A. capacity of the unites. Hence
it is not very desirable for continuous operatioa.

e Load voltages become unbalaaced under load, even with balenced
three-phese loud, the magnitude of the unhbalancing depending on
the impedLuye of the unife end the power-factor of the load.

3. Being electrostatically unbelenced, the V-V connection is
not recommended for very high voltage sycstens

VI, T-0 Connection.
Advantuges:

imilier to the V-V
v two units.

1. 7This conrection is
in thet it requires

e voltege &cross the t(a
&u.u ye cent o” tln of th

los
v-V cot ~n,tlm ass
changeable unite

3. The neutrel point czn be derived end brought out for FlOb a-
ing, although not for loading unless the tvo helves of th n
are interleced.




olszdvantarses:

1. Both prirary w«ud secondary csides rec:ire 50 ger ceut teps
rict €re not regiired vy the V=V connecticn,

2. The correspouding hulveese of t'e rilerr «and cecontar, of
main muetl te interlaceld, slthour™ ©v. twc talvee of one wivdias
need not be laterluaced witli each otler uanless the neutrel ic t
brought out ca thut eide &nd it is desired to be wlle to load tle
neutral,.

3. Sinmilizr to tle v~V coanection, the ratio of output to I.V.a.
reting is only &6.6 per cent cad the resulation i pOOr.

Three-hase .autp-Trincforiecr Conrectioas.

General characteristics.,

advangages:

l. for » given output, auto-transfcrmers are umucnh clegper tlen
trensforiaers. Jals ecououy is gneater the nearer the high aud low
line volteses &spproach each other.

2. auto-transforuers giive Letter efficieacy and reisuletion thun
traagsformers, Thie adva. gage ulsc inereaces &5 the ratio of tlre
nigh end low line voltages approacties unity

Disadvautages:

1. The high cnd low-voltage windings being continuous the low-
voltape circuit and connected apparatuc are liavlt to be sub-

jected to abnormal voltages due to disturbiiuces and grouads cn
the high-voltege circuit. This ic¢ particulerily objecticne™le
when thers ie ¢« larce difference of potential between tre high
nd the low sides.

£o chort-circ.ilt currents at norual excitatioa of the uait sre
larger with auto-trancformers than with trunsforaer. snd the more
so tile nesrer the hizhh anud low volta'e' ere alike. It ie often
iuwprecticebvle to desirn cutostrunsfirmers to withstand thc ther-
rel eud machanicel effects f short circuite.

Since as the ratio of low-voltese lice potenti:nl to high-
voltare line pote.atial decreases anu icsuletiou dougers iacreasge,
autc-trensformers are usually conciderel only whei the lcu volt-
age i: av nuch as 8U to SO per cent of th hiph veltege. L 1low
voltepge not lesrs than 50 perceat of high voltace may be consider-
ed ¢ good engineering linit for the use of auto-traneforwer:
under very fuvorevle conditious.

Recomumerdaticns:

asuto-transformers may be recomumended for isolated systeums
provided txat th. low-voltege circuitt aand tle connected ap;aratus
are desipned to etend the high-veltuge test potenticl. They mey
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be recouuended for grounded systeme provided that th . neutral
of the auto-transformer is elso grounded.

VII. Y-Connection.

Advantages:

l. This is the most economicel and there-
fore the most cormon esuto-transformer
connection. The r&tio of rati g to out-
ﬁl-h”/ul , where ; ie the high-
ge lille potential andEy is the lov
e line potential.

2. The neutrel may be derived and

ground-
ed for the protection of the lo¢-wolta
circuit if the generator neutral is also
grounded.

Disadvantages:

1. Similiar to the Y-Y connectio.. of trancformers (see Bect.
I1) there is & third harmcaic voltage from line to neutral,
Single phase &nd shell type units zre not recomnended, espec
ially if the neutral is 1o be grounded. Ucre-type units (t“re'
phaqe) may safely be used either grounded or ungrounded.

£. The machin:s cannot be loaded single-phase from line to
neutral. Thic is especially true for single-phas: units and
for shell-type threc-phase units. Core-type three-phace units
may give tolerably good results. The best results are obteined
by the zigzeg connection.

VIII. V or COpen-Delte Connection.

1. This connection is free from third-
harmonic volteage,

£. The ratio of rating to output is 16
per cent more then in the Y-connection.

IX, Delte Connection.

This counection has charecteristics similier
to those of delta-delta connected tran

1. It is free from third-harmonic voltage.

The ratio of reting to output is
(21-B5) /1.7827 25

3. For & givea load, the ratio of the K.V.i. rating of this
connection to trJt 01 xLH Y-connection 1s equal to:-
(0,577$0.5TT™ ) s, 1d the low-voltege line potential
ie 50 per cen% o; the IlLu voltege, the delta connection
requires 1.73 tines the kvea. rating of the Y-connection.




Therefore, when the Y-connection i+ un reble on account of
third harmonic vol , the V or exten -delta ccnnections
figure out more economicgl then the delta connection.

X, Ixtended-Delta Connectioa.

The ratio of rating to output is;

1.73Ey/sy, where Uy is the voltage
of the extended portlon and 4y is the
high-voltage line potentisl.

Becommendation:

when the low-voltage ie lesc than 92 per cent of the h
voltauge, the extended-delta comnnecticn requires a emaller ret
than either the straight-delts or V connections. hen tlhis r
is greater then 92 per cent, the V-connecticn requires the less
rating of the three,

XIs Z4igzag Connection.

nection ix used to derive

a fourth w for four-w: re three-phase
distribution systems, tuck ae £300/4000
Y distrioution systems, when thie wire
ie not available at the generstor or
step-down transformer.

€+ ith balenced three-phase loéd,
neither the neutral wier nor the coils
carry any current.

3. An unbalenced load flows in the neutrel and is distributed
equelly in ell three pheses,

4., The neutral may be grounded.

6. The neutral can also be used to derive the neutrel of conv-
erters for the return of the unbalenced direct current in e
three-wipe direct current distribution system. A straight Y
could not be ueed for this purpose (excepting three-phase core-
type unite), it being neceseary to preve.t the esturaticn of the
trancformer core by direct current.

6. with the neutral grouuded, : ground on one of the lines
extends the short circuit to all three phasec.
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XII.

Sxtended sigzag Connections.

ithen it 1e decired to trensform &
given line volt
value for four-

in the

) nea ;tr&jg?i
exteasion for it distributedsth

{ neutral current ecually in all

Y Fresz three phases eand ‘meintaine better
reguletion theeeby

1t ex tLutl' n is
elimin.ie the third har-
i eddition & pocrer

eesier to build but does not
monic voltage from line to n
regulation for uanbeleanced lc

Three-Lhase PTwo-rhuse Truncformer Comnnections.

XITI., Bulenced T or Scott Connecticu.

sdventeges:

1. This connection recuires
only twe single-phace units
or one two-pruse 1alt,

tleptable to elither
re or four-wire two-
phase service.

two and thre=-phuese voltages cen be obtained on e
sry ueing only four line vires if the 86.6 per cent tep
of tuf teacer ie connected to the middle of the main.

Lisadvanteges:

l. The two halves of the main winding on the three-phrasc side
must be iunterlaced.

Z£o with interchangewble unite, there rmet be provided one 50 per
cent tep and one 86.6 per cent tep in each unit.

3. The threec-phese side carries 15 per cent wore current than
thetcorrespoading to the two-phas: eide, and, therefcre,requires
15 per cent more copper.

4. II the interlacing of the
the main is efrected by usi
phase side, then the latter
and therefore requires 156 per cent wore cop

helves of the three-phase side f
two coi i ultiple on the two

per cent more currnut
per.







5. Combining the features of the above items 3 and 4, two
single-phase units in Scott conanection can deliver only 86.6
per cent of their combiied single-phase rating.

XIV. Woodbridge Connection.

Advantages:
= l. Thic connection has an internal
y [ power-factor of 100 per cent and will
) “\X or ¥ - therefore, deliver two-phase three-
L — . EBl rhase power equal to ite single-phase
rating.

3 PyAsE SiDe.

PPl ©. The three-phase side can be coné

nected delte or Y, making it ppseible
to change the eystem voltage without

discarding the tranzformers.

Disadventgges:

1. This connection is not adaptable for three-wire two-phace
service, &nd has, therefore, not become popular.

2. Qaps are impracticable except on tle three-phase cide.

3. The multiplicity of windings required generally more than
offeet thx advangages in econmy of mutericl and ior thic reason
is seldom used.

4. This connection requires three single-phase unite or one
three-phase unit.

XV, Combined Two &nd Three-Phase.

g o8-

Of the connection shown in Fig.
15, the straight three-phase
gide mey be Y or delta. Cn the
other side, both two and three-
phase power may be obteined
from four wiree. It is suitable
when the three-phase load is
predominent. The déménsione of
the smaller delta are 15 per
cent of thosc of the larger
delta, and the windings whose voltages are partllel are wound
on the same core leg.

3PHASE SiDA 248 MASE Sipa,

Fi6.15.

This connection is similiar to
that of fig.l5 except thet 1t
requires five wiree instead of
four.

2W3PHASE SIDR
Fie 16.
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XVII. Taylor Connection.

This connection is similiar
to those of Fig.l5 end 16,
except that the two-phase
threepphase side recuires
six wires.

Three-Phase Two-Phase Auto-Transformer Connections.

Scott Connected Auto-Transformers.

XVIII.

Three-wire three-phase to

four-wire two-phase.

Three-wire three-phase to

three-wire two-phase.

This connection is the same ac

that of Sec. XVIII, except that

the ratio of voltages is 1 to 1.

The matn serries only the teas-

é i er current which divides ecual-
weis L 1y ia the two helves of the main,

3¢

This connection is the came as
that of Sec.XVIII except thet
the ratio of voltapes is 100per
cent three-phase to 70,7 per
cent two-phase.

2PHAS £ NoiLThe &
Equars 3PHAIE

Yoirhee.

Fre.dl
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Thic connection is the same as that of Sec.
XIX, except that the ratio of voltages is
100 per cent three-phase to 86.6 per cent
two-phase. The teaser tlhen becomes unnec-
essary and cun be left out, the bank oper-
ating with only one single-phase untt. One
LPHASE VosTALEBE 6T phesc of the two-phase load takes the place

I PuAseNoLrase. No of the teaser.
ASAR ReqVRED

FI18 22
Three-rhase to 3ix-Phase Connection.

XXIV. ¥-Diametric Connection.

Advantages:

1. The delta connection of one side
eliminates trird-harmonic voltage
troubles.

2. The diumatric connection of the
six-phase eside requires only theee coils
as against six required by the doutle
delta connection and hence is more
economical.

3. The diametr#é connection lends itself more conviently for
starting-taps and switchgear.

4. The neutral of the diesmetric connection can be prought out
to derive the neutral of the converter for three-wire d-c. ser-
vice except in ine case of split-pole converters.
Disadvantages:

The bank cannot operate with two units when one breaks down.

XXIV. Y-Diametric Connection.

This connection has the advantages of
the dismetric secondery, and is free from
third-haermonic voltage trouble when oper-
ating converters, except eplit-pole con-
verters. In the Iirst case, the third
harmonic excitation current circulates
through .the diametric coile and converter
; in the latter cese, the third-harmonic
voltage ie made use o in regulating the voltege of the converter
and is then a desirable feature.

Recommendations:

Delta-dizmetric and Y-diametric are the most common three-
phase to six-phese connections. "hether primery should be Y or

delta is %etermined by either the convémience of deeign or the
users prefercnces.
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XXV, Delta-Double-Delta.

Advantages:
1. The bank can temporarily operate with
two units when one breaks down.

£. The secordary side can be operated
three-phase withput chenge of volt:ge and
will deliver one half rated load operat-
ing only one of the deltas. If the dia-
matric is connected in delta for three-
phase service the voltage is increased

15 per cent but it will deliver full rated
load.

Dicadvantages:

1l. The multiplicity of coile in the secondary tends to make the
coset somewhat higher then that of the diametric connection.

2. The double-delta secondary ies illeadapted for starting taps
or for deriving the neutral of converters for three-wire d-c.
service.

XXVI. Y-Double-Delts.

This ie u possible connection that is seldom

used. It may have an advantage in design

and cost if the three-phase voltage is very
. high and the cix-phuse voltage very low.

XXVII. T-Double-T Connecticn.

This connection is not much used for three-
phasc to six-phase transformation on sccount
of its low ratio of output to rating,which,
eimiliar to the T-T connection is only 86€.6
per cent; and it is not well adapted for
starting teps.

Two-Phase to Six-Phase Connections.

AXVIII.

Thie connection is the one commonly
used for two-phase to six-phase trans-
formation.
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