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CIRCULATING CURRENTS IN WAVE-WOUND ARMATURES; : "«
By F. N. Mowdawalla and G. K. Pradhan.

SYNOPSIS,

Alternating currents circulating in the wave-wound armatures
under certain conditions have been observed and traced to the
unbalancing of armature electromotive forces due to the presence of
dummy conductors. The effect of these circulating currents on the
wave shape of the resultant current flowing through the armature
conductors under different conditions is studied, and the variation of
the resultant current with the position of the coils observed. The
circulating currents, however, are found to be so small that the
increased rate of heat-production due to them would not be sufficient
to affect the capacity of the machine,

S e 8% It is well known that if the winding of the armature of a rotary
£\ o ’ﬁQ.} - converter 1s cut and the current flowing through it studied by means of
hd . - an oscillograph, various shapes of current waves are observed de-
oY -\ - pending on the position of the coil cut relatively to the points of
1* s - connection of the winding to the slip rings. All these wave shapes,
57 however, resemble each other in this respect that they result from the

superposition of the direct current drawn from the machine, on the
alternating current fed into it through the slip rings, and are due to
the fact that both these currents traverse the same winding. During
an investigation of the commutating conditions in a rotary converter, a
current wave of similar characteristics (Plate 1) was observed even
when the machine was running as a direct current motor. Since
alternating current was neither supplied to nor drawn from the machine,
this points to the existence of an alternating current circulating in the
local circuit of the armature. No reference to the existence of these
peculiar wave forms or of alternating currents circulating in direct
current armatures is to be found in the technical literature. This js
probably due to the fact that current waves in direct current armatures
are not generally suspected to be capable of assuming shapes other
than rectangular and that these peculiarities are to be met with only in
special machines,

The machine under test was a 4-pole, interpole type rotary
converter with a rated output of 4 to 5 kw. at 100 to 1 30 volts when
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running at 750 r.p.m. It has a wave-wound armature with 582 con-
ductors placed in 49 slots and connected to a commutator of 97
segments. This is equivalent to a distribution of 12 conductors per
slot, the spaces corresponding to 6 of these conductors being left blank
and filled with dummy conductors for the purpose of obtgining a re-
entrant winding. There are 97 active armature coils each consistin

of 6 conductors, and one dummy coil. The armature is fitted with 6
slip rings so connected that the machine may be used either as a 2 or
3-phase converter (see Fig. 1). It is also provided with a search
coil of 3 turns, the ends of which are brought out to two additional
slip rings. For the purpose of the investigation the winding was cut
open at two diametrically opposite points, @and 4, and so arranged
that the cut ends of either of these coils could be connected to the
search coil slip rings after disconnecting the search coil from them
By this means the wave shapes of current in these coils could be
studied by connecting an oscillograph to these slip rings.

Fig. 2 is the diagram of connections of the machine when runn»in
as motor. With the oscillograph connected to the coil 2 and the
machine running light at 750 r.p.m. with 110 volts across the armature

and 0°95 ampere through the field, the wave shown in Fig. 32 was -

obtained. This wave may be regarded as-the resultant of (1) the
dotted rectangular wave corresponding to the direct current supplied
to the armature and (2) the chain dotted wave representing the alternat.
ing current circulating in the winding, there being no externa]
alternating current (Fig. 34).

The circulating component must be due to an unbalanc
electromotive forces induced in the two halves of the armatur
and this unbalancing may be explained by :—

ing of the
e winding

(1) An inequality of the main flux under cover of the different

poles due either to a difference in the number of turns of the field cojls
or to unequal lengths of the air gaps, or

(2) An asymmetry of the armature winding.

If the circulating current were due to an inequality of the flyx
the difference in the electromotive forces induced in the two halves of
the armature winding would remain constant, so that the circulatin
current would remain constant in magnitude and direction at ai]
instants and for all positions of the armature, and the superposition of

this current on the supply current would give rise to a wave similar
to that shown in Fig. 4.

The circulatipg current must therefore be due to an asymmet
of the armature winding and it can be traced to the presence of dumm
conductors. Fig. 5 explains diagrammatically the cause of the
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unbalancing of the armature electromotive forces. black dot
represents a normal element of the armature winding ing of two
coils (12 active conductors) included between two om-
mutator segments, while the corresponding circle & rep g

element containing the dummy conductors. It is apparent tha
and opposite electromotive forces will be induced in each pair of the
diametrically opposite elements and that they will therefore balance
each other between the brushes BB. This however does not hold
good in the case of the elements ¢4d. Since & contains only 6 active
conductors instead of 12, the electromotive forces induced in ¢ and 4
are not equal and an unbalancing of these arises, that half of the
armature containing the element ¢ having always a higher electromotive
force than the other half. Since the unbalancing is due to the
electromotive force induced in 6 of the conductors of the element ¢
and since the instantaneous value of this is proportional to the rate at
which these conductors cut the flux in the air gap, the shape of the
wave of unbalanced electromotive force should be similar to that of the

_ flux density in the air gap of the machine.

In order to isolate the circulating current the machine was run

~ light as generator at a speed of 750 r.p.m. with an excitation of 095

ampere. The oscillograph was connected as shown in Fig. 62, and the

‘wave shown in Plate 2 was obtained. This proves the existence of the

circulating current although the wave shape obtained does not by any
means resemble that of the flux distribution in the air gap of the
machine. As it was thought that this difference might be due to the
self-induction of the armature the experiment was repeated after
inserting 50 ohms in the oscillograph circuit in order to swamp the
effect of this self-induction (Fig. 66) and the wave shown in Plate 3
was obtained. This exactly resembles the shape of flux distribution
(Plate 4) obtained by running the machine under similar conditions
and connecting the oscillograph to the search coil as shown in Fig. 6c.
A self-induction of o1 henry was next inserted in the search coil
circuit in addition to the 50-ohm resistance and the wave shown in
Plate 5 was obtained. The similarity of this to the wave shown in
Plate 2 proves that the distortion of the wave of circulating current
was caused by the self-induction of the circuit.

It will be seen that the waves shown in Plates 3 and 4 are not

_ only similar in shape, but that their amplitudes are also exactly equal.

Since the resistance of the circuit in both cases was 50 ohms, this
indicates an equality of the electromotive forces producing the currents,

~ and since the search coil as well as the dummy coil consists of 3 turns

each it proves that the circulating current is caused by an unbalancing
of the armature electromotive forces due to the absence of 3 active coils
substituted by the dummy coils. This is further proved by a

ehe 337093
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similgrity of wave shapes obtained under similar c
circuits shown in Figs. 66 and 6¢, but with interpo
the main poles excited.

onditions with
les instead of

Returning to the case of the machine working as a motor tl
effect of variation of excitation was next studied and the four cl; "
shown in Fig. 7 were obtained with the machine running light vt;rY?}?
110 volts across its armature and excitations of o 5, 097, 2°0 %nd ,1
amperes respectively through the field. All these curves ’were obt ; d
with the same value of resistances R, and R, in the oseill ra
circuit (Fig. 2) and therefore give instantaneous values of the cgraph
to the same scale. It will be observed that while the m current
positive and negative values of the waves decrease with i Aximum
excitation the sum of @ and 4, which is equal to twice the amn{fiezsmg
the circulating current, remains constant in al] cases. In othie)z e of
the direct current component of the wave decreases with inr words,
excitation, while the alternating component remains unc%reasm.g
This is due to the fact that with increasing excitation smallear'lged'
currents are capable of producing the required driving torqug ln}ﬁxt
the same time, so long as the supply potential difference re;na' \
constant, the electromotive force induced in each conductor must llns
remain constant, and since the circulating currents are proportionaa; io
the electromotive force induced in a coil of 6 conductors, these a] o
must remain unchanged. ' also

In Fig. 8 the curves were obtained with a constant excitation of
0'95 ampere and a supply potential difference of 8o and 140 vnl0
respectively. It will be seen that the alternating current co:; ot
increases, as would be expected, in direct proportion to the Vpﬁnent
The slight increase in the direct current component indicatedobal N
increase of the length ¢ ig due to the fact that a larger driving tongz
S;:Zg,)es necessary at a higher voltage on account of the increase of

Fig. 9 represents curves obtained wj
potential difference, constant excitation and it:creaasicxsnsfané supply
motor, the currents supplied to the motor being 10 ang;{ °ad on the
respectively. It will be observed that, as expected, the 201 amperes
component remains constant while the direct cur,rent onating
increases with increase of load. It must be mentioned C(})lmponent
curves were obtained with a different value of the resis(t: at tese
R, in the oscillograph circuit and that thejr scale th ioes R, and
from that of the previous curves. ‘ erefore differs

All the above curves are concave towards the ba
a hollow in the positive and negative halves,
alternating current component opposing the direct

se line and have

current component

This results from the
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over the greater portion of the cycle (see Fig. 34). If, however, one
of these components is reversed, their relative positions would be as
shown in Fig. 1oz and a wave having a hump instead of a hollow in
the positive and negative halves would result (Fig. 106). This would
happen if the machine was worked as generator instead of motor, for
in that case the direct current component would be reversed. Plate 6
represents the current through the armature coil @ when the machine
was run as generator at 750 r.p.m. and delivered a current of 7'5
amperes under an excitation of 0'g5 ampere. The effect of increase
of load is found to be the same as in the case of the motor. The direct
current component increases in magnitude while the circulating
component remains the same.

All the above curves represent currents flowing under different
conditions through the coil @ (Fig. 1). Since the shape of the wave of
the resultant current depends on the phase difference between the
component waves and since this phase difference varies with the
position of the coil with respect to the dummy coil, the resultant
wave shape will be different for different coils. In any coil the direct
current component of the current wave undergoes reversal at the
instant the coil under consideration passes under the brushes. This
instant would therefore vary with the position of the coil. On the
other hand, the circulating component undergoes reversal when the
dummy coil passes under the brushes and this occurs simultaneously
in all coils. Considering the coil @ in Fig. 11, when the machine is
running as motor in the clockwise direction, the direct current
component of the current through the coil would undergo reversal a
little in advance of the alternating current component. At the same
time the latter will, over the greater portion of the cycle, be in opposition
to the former and consequently the- wave shape « (Fig.  11) would
result. In the coil 4, the reversal of the direct current component
would be retarded by 9o° and the wave shape would be as shown in 4.
In the coil ¢, this would be 180° behind that in @ and the curve ¢ would

result,

The current through the coil 4 (Fig. 1) was also studied and
Plate 7 represents the current wave obtained when the machine was
working as motor on no load at 750 r.p.m. with 110 volts across the
armature and o0°95 ampere through the field. It will be seen that this
closely resembles the curve ¢in Fig. 11.  On the other hand when the
machine was run as generator at 750 r.p.m. and delivered a load-
current of 7°5 amperes with an excitation of o'95 ampere, the curve
shown in Plate 8 was obtained. It was not considered advisable to cut
the armature in more than two places, but it may be taken that if
the coil were cut in a position corresponding to 4 in Fig. 11, a
corresponding curve would be observed.
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search coil curve (Plate 5). ~ Plate 9 shows th

the machine runnin
g as generator at
o am . . 750 r.p.m. : N
P]?ﬁe Iopzfli)\:;l(ihielégle.;égg 33_0utput Currsnt ozvllt? 1“ excitation of
onding curve wj mperes, whil
motor at the same s p § curve with the . ] ile
peed under the sa he machine runnj
ampere : - Same excitatj ning as
s o 2 ] L e
1tuae of the c ; volts, It
altho ; urrent is . can
loieh he shpe s sporeiably chasged. " he o oo
ile 1 otor cu
become ecome flatter while in the rve the
gap ﬂuxst?r?g: rt than in Plate 5. This is due togil?:r?tor curve it has
i ‘motoring ando f()r::ii toxlards the leading pole tip wi(é; gllat the air
trailin ; A e mach;j
Consequently the wa S the U g pole tip when it i ine
, ve of the induced >N it is generat;

havi . I}Ce electromot ; ating.
]ead'ng a flat top as in Plate 4, will have it slo ive force, instead of
ing to the trailing pole tip in ping down from the

: t
in the case of the generator ; he case of the motor and vice versa

A ; it can be readi
current waves resulting from these will bellydilsl.?ocligitogd ttgat the
y the self-

induction of the circuit 1
nto shapes similar to
those of Plat.
es g and 10,

It has been seen above that th
c e wave
t}‘g:et?lt(; tr};rgil;gn};:rl:ea r::1émature varies from COilS}:ip(?oi(}fwti?f tll;esultant
in some cases greater (Plr(’tOt-mean-§quare values of these cy e result
direct current 2lone w ate 6) and in others less (Plate 1 ﬁrent.s are
production in the a ere present. For this reason the ) than if the
the rate at which heartm;tugs varies from coil to coil, and rgﬁff of heat-
- t}fle lzlibsence of the circuﬁxltingbitz%rigirtatequﬁnifor mly ’in all tixeecr:Ziflgoim

of the circulating current is, ho X € root-mean-square n

neighbourhood of 1°6 am ereé wever, very small and [je _value
direct current componentpunderafS ﬁompared with 20 3 S in the

. load condit; mperes for the
mean-square value of the result: t nditions. Thus th
conditions, differ materiall nt wave dqes not, und e root-
Consequently, although theytgr?lr;eigit of the direct Currenteé‘orfx;gzm]:l?td

i . ure ri .
coils does increase as a result of the rise of copper in some of the

this increase is too presence of th i

: small to € Circulatin

size of the machine. affect the load capacity and therge(f:(;l:eretl;lt’
e

The preceding curves of
the cu
two — : . rrent wave . .
obtaiﬁgc)iu%sy‘ m(gzmlsmi)fdmwmgfl' and ) plaiez%lou#}%sefg“”ded vere
electromagnetic pattern b an ordinary Duddell Oscil] ner were
_ y tracing the waves o culograph of the
n paper on the tracin
g.
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desk of the instrument. Each of these therefore represents the mean
of a succession of waves and is thus perfectly smooth and free from the
irregular ripples due to variable causes such as changing brush-contact
resistance. The following table gives the data of the various
quantities referring to these curves i—

TABLE.

, scill i
\ | Current Oscillograph Circuit

Machine Armature‘, Field [Armature | through | = -
Fig. No.| running | P.D. Current rS pesld k Current lwmcal;tmr o |Shunt Ry Resistance
as volts, | amps, | WP amps. A oil (Pig. 2) '1tr1‘1 sir}esR
| ! | amps set at Wl(Fng“lZ?’) 2
‘y ‘1 } amps. | ohras
s | .
"7a | Motor 1o | o5 | 1,370 ro | 17 2 1\ 3
1
76 N 1o | 097 | 750 1 18 0 | 2 | 3
7 N mo | 20 | S0 ! 35 10 s 2 | 3
. | ]
7d " 110 2:75 | 480 34 10 | 2 " 3
. l
8a " 80 097 | 550 48 076 l 2 3
1 .
86 " 140 o7 | 985 | 4B 331 2| 3
“ - |
9 ‘ " 1o | 097 750 | 100 31| 10 |
! ‘ ‘, .
9 ; " 110 097 | 75 . 200 \ 685 10 \
! o
z | t | i 3
~ The plates, on the other hand, are copies of photograPns taken
by means of a drum Glm camera on a Duddell 3-ele ferigdportable
tafned under

oscillograph and represent shapes of single waves Q%
specified conditions. It will be seen that some of these curves have \%
secondary ripples superimposed on the fundamental wayés. In some

cases these ripples are quite regular (Plates 3 and 4) an ese are due
to tooth-effect. They are more or less completely smoo . out in
Plates 2 and 5 on account of the preponderating self-induction

. corresponding circuits, but are still slightly visible near the crest of

the wave. The ripplesin Plates 1, 6, 7 and 8 are not so regular and
differ, not only in different curves obtained under identical conditions,
but also in some cases in the positive and negative half-waves of the

same curve. They are probably due to an irregular cyclic variation
of the brush-contact resistance caused by vibration of the brushes

in their holders.
Department of Electrical Technology,
Indian Institute of Science,

[Accepted, 10-8-26.) Bangalore.
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Plate I. Current through coil a, machine running as a motor

on no load.

PRINTED AND PUBLISHED
BY GEORGE KENNETH AT THE DIOCESAN PRESS,
POST BOX 455, MADRAS—1826. C13540

Plate 2. Current through coil a, machine running as generator
on no load.



Plate 3. Current throughout coil a, machine running as
generator on no load, 50 ohms in oscillograph circuit.

Plate 4. Current through search coil with 50 ohms in series,
machine running as generator on no load.



Plate 5. Current through search coil with 50 ohms and
0l henry in series, machine running as generator on no load.

Plate 6. Current through coil a, machine running as
generator on load.



Plate 7. Current through coil b, machine running as
motor on no load.

Plate 8. Current through coil b, machine running as
generator on load.



oil with 50 ohms and

Plate 9. Current through search ¢
r on load.

01 henry in series, machine running as generato

¢ through search coil with 50 ohms and
hine running as motor on load.

Plate 10. Curren
0-1 henry, mac
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Fig. |. Armature Diagram.
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Flg. 3. Armature Current Wave and its Components.
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(b) P.D.==140 volis.

Flg. 8. Variation of Armature Current with Impressed P D
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Fig. 10. Another Wave form of Arm
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Polycyclic and Cage Systems of Carbon Componnds. III. The
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Copper. XI.—1. Notes on Bixin, by K. Venkataraman. II, An
Alkaloid from Anona Squamosa Leaves, XII.—Iodine as a Catalyst in
Reactions Involving Elimination of Hydrogen Halides. XII1, ~Studies
Relating to the Symbiosis of Seeds and Bacteria. XIV.—The Bio-
Genesis of Mahua Oil. XV.—Contributions to the Scientific Study of
the Lac Industry. Parts IX—X,

VoromMe VIII (A)—(1925).

Part I.—The Photochemical Oxidation of Aromatic Hydrocarbons. I, by J. J.
Sudborough, H. E. Watson and B. T. Narayanan. Price, As, 8.

Part 11.—Kachi-Grass 0il, by Bijoor Sanjiva Rao and I. J. Sudborough, Price,
Re. 1.

Part 11I.—Argemone Oii, by S, Naraysana lIyer, J. J. Sudborough and P, Ramaswami
Ayyar. Price, As. 12

Part IV.—Essential Oil of Cyperus Rotundus, by B. Sanjiva Rao, P. B. Panjcker and
J. J. Sudborough. Price, As, 8. .

Part V.—Dehydration of Rectified Spirit by means of Anhydrous Calcium Chloride,
by J. J. Sudborcugh and P. Ramaswami Ayyar. Price, As. 8.

Part V1.—The Hydrolysis of the Amides of af-Unsaturated Acids and of their
Saturated Analogues, by A, R. Vathiraja and J. J. Sudborough,

Price, Re. 1.
Part VII.—I. Studies Relating to the Acetone-Producing Organisms, by Gilbert
J. Fowler and V. Subramanyan. II. Mahua Flowers as Raw Material
for {the Acetone-Fermentation Process, by A. G, Gokhale, Price, Re, ]
Part VIII.—Stndies in Esterification, by B. V. Bhide and J. J, Sudborough,
' Rs. 1-8-0.
Part IX.~Constituents of the Marking-Nut: ‘Semecarpus Anacard
' D. Satyanarayana Naidu. Price, As. 8.
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Fart X.—~Notes on Some lodiuzn Essential Oils, by Bijoor Sanjiva Kao, 1. J. Sed-
borough, and H, E. Watson, Price, Rs, 2.

Part X{.—Bromo-Derivatives of Para-Methoxycirnanie Acid, by K. V. Hariharan
and I.J. Sudborongh. Price, Rs. 1-8-0.

Part XI1.--]. An Examination of Some Gum-Enzymes, by Gilbert J. Fowler and M. A.
Malandksr. 11, Chemical Copstitation of the Gum from * Boswellia
Serrata,” by M. A. Malandkar., Price, Re. 1.

Part XIIL.—Indusiriai Wasies as Manure. 1. Ajowan and Mohua Cakes as Fertilisers.
. Utilisation of Refuse, by R. D. Rege. Price, Re. 1.

Part XIV.-Constitution of Manasse’s Hydroxycamphor, by M. O. Forster and
P, P, Shukia. Price, As. §.

Part XV, ~The Reaction Between Sodium Sulphite and Sulphur, by H. E. Watson
and M. Rajagopalan, Price, As. 12.

Part XV1.—The Qccurrence of Sylvestrene, by B. Sanjiva Rao and Jobn Lionel
Sitonsen. Price, As. 8,

Vorume VIII (B)—1925.
Part L.—~Lecher Wire Measurements, by S, R. Kantebet. Price, Re. 1.
Part IL—The Aluminium Agode Film Dielectric, by M. Subramaniam. Price, Re. 1.

. VoLume IX (A)—1926. .

Part I.~-Contributions to the Scientific Study of the Lac Industry. Part XI. Early
Recognition of Sex among Lac Insects, by S. Mahdihassan. Price,
Rs. 4.

Part I1.— Vegetable Qils Containing Glycerides of Erucic Acid, by J. J. Sudborough,

‘ H. E. Watson and P, Ramaswami Ayyar. Price, Rs. 2.8.

Part 1I1.—The Production of Ether by Solid Catalysts, by S, K. Kulkarni Jatkar
and H. E, Watson. Price Rs. 3,

Part IV.—~The Constituents of Some Indian Essential Oils. Part XVIII. Derivatives
of Abietic Acid, by Madyar Gopal Rau and John Lionel Simonsen.
Price, As. 8.

Part. V.—The Fat from ‘Salvadora Oleoides’: Khakan Fat, by C. K. Patel, S.
Narayana lIyer, J. j. Sudborough and H. E, Watson. Price, As. 12.

Part VI.—The Coustituents of Some Indian Essential Oils. Part XIX. The Essential
Oil from the Rhizomes of Kaempleria galamga by Puthan Madhathil
Bhaskara Panicker, B, Sanjiva Rac and John Lionel Simonsen. Part
XX. The Essential Oil from the Rhizomes of Cusvwme Aromobics
Salisb., by B. Sanjiva Rao, Vighou Purushottam Shintre and John
Lionel Simonsen, Part XX1. The Essential Ofl from the Wood of
Erythrozxylon monogyntim Roxb. by B. Sanjiva Rao, Vishnu Puru-

 shottam Shintre and John Liouel Simonsen. Price, As. 12,

S . Vorumz IX (B)—1926. A o
- Patt I.—-D-gu'a‘»ynehmmsmammum, by K. P. Rey. Price, Re. 1.

Mnaﬂ‘hﬁu‘mu-&m Transmitting Aerials, by ). K. Catterson-Smith.
) Pfi“, R.{ L . . .

. Part [T~ Aerial Testing, be J. K, Catterson-Smith. Price, Rs. 1-8.

Mw‘cmhgcumw in Wave-Wound Armatures, by P.N. Mowdawalla
TR E M 0. K. Pradhan. Price Rs. 18, i :
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