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THE MAGNETIC FIELD, EXCITED BY THE PRIMARY WINDING,

IN THE AIR GAP OF AN INDUCTION MACHINE WITH A

CURVED STATOR

A. A. Lebedev

The use of an ordinary a-c machine winding in induction motors

with curved stators leads to undesirable effects in the operation

of the machine which result in the sudden display of an edge effect.

The edge effect results from the interruption of the magnetic

circuit of the stator and gives rise to pulsating magnetic fields at

the ends of the arcs of the curved stator. These fields have an effect

on the magnitude of magnetic Induction in the air gap throughout the

entire length of the arc. In addition to losses in the rotor and stator

due to the pulsating magnetic fields and the braking moments associated

with them, the edge effect causes asymmetry of the linear currents

and consequently, additional braking moments. The edge effect shows

up less in the operation of machines with a large number of poles

than in those with a small number of poles.

A new type of curved-stator winding is proposed in order to reduce

the influence of the edge effect on the operation of an induction

machine. The new winding differs from those in use in that the linear
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load at the ends of the arcs of the curved stator are reduced to zero.

The application of a winding of the new type makes it possible

to raise the efficiency of a motor with a curved stator and a massive

rotor. The power factor is also improved and the asymmetry of the

linear currents is practically eliminated [2].

The work of Prof. G. I. Shturman [i] is devoted to the question

associated with the conditions of excitation of magnetic fields with

the interruption of the magnetic circuit of the stator. Formulas

derived in this work cannot be used for the evaluation of magnetic

fields in the air gap of an induction machine having the new type

of stator winding. In addition, these formulas are not altogether

accurate.

This article is devoted to an evaluation of magnetic fields excited

in the air gap by a stator having the new type of winding. We will

solve this problem on the basis of the following assumptions:

1. The steel of the stator and rotor is not saturated and has a

relative permeability 4 - const.

2. The reluctance of the steel of the stator and rotor in a

radial direction is allowed for by a corresponding increase of the

air gap.

3. We will consider the fundamental wave of magnetomotive force.

4. We will neglect leakage currents.

5. We will consider that there is no current in the rotor.

6. We will consider the reluctances throughout the circuit to

be the same for the yokes of the stator and rotor.

The ladt assumption seems at first glance gross, but considering

that the magnetic saturation of the steel of the stator and rotor is

assumed to be approximately the same, the difference in reluctances of
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the yoke of the rotor and stator will be determined only by the

difference of the average lengths of the lines of induction in them.

We take into account this insignificant difference (which decreases

with an increase in the diameter of the rotor) by the fact that we

maintain the general length of the lines of induction in the yoke of

the rotor and stator, taking the length of the sections of the by-pass

circuit in the yoke equal to the length of the arc along the air gap.

Disregard of the reluctances of the steel of the rotor and stator

leads to a qualitatively different picture of the magnetic field in the

air gap.

In order to evaluate the magnetic shunting of the air gap by those

parts of the steel of the rotor and stator which do not have a winding,

we assume the length of arc of the steel to be greater, by an amount

Y, than the length of the winding at each end.

Depending on the character of the variation of the linear load

along the length of arc of the curved stator, we divide the latter into

five parts (Fig. i):

i. section without winding,

2. linear load rises from zero to a nominal value,

3. linear load remains constant,

4. linear load decreases from nominal to zeroand

5. section wlt hout winding.

We make the origin of the cylindrical coordinates coincide with

the axis of rotation of the rotor. The origin for reading the angle

V coincides with the middle of the arc of the curved stator. The

positive direction of V is taken to be counterclockwise. We assume

the radius of the rotor to be equal to unity; therefore we can consider

the length of arc to be equal to the angle. In the final results the
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length of arc is substituted for the angles.

The positive direction of induction in the

rotor and stator is indicated by the arrows

in Fig. 1. The direction from the rotor to

the atator is taken as the positive direction

of induction. The positive direction of cur-

Fig. i. Magnetic cir- rent in the stator winding is assumed to
cuit of an induction
machine with curved be the direction from the observer into the
stator.

plane of the drawing (Fig. i).

The instantaneous value of the total current along the length of

arc of the curved stator is determined from the traveling-wave equation

i ) (A.) '

where i - instantaneous value of current,

A = amplitude value of the linear load,

= - polar division, and

o angular frequency of the power-supply current.

Let us consider the case when the linear load at the ends drops

to zero according to a sine law.

By virtue of the symmetry of the magnetic field with respect to

the middle of the arc of the curved stator, we will consider the first

three sections.

In the first section, the instantaneous current value is zero.
0

For the second section, the instantaneous current value may be

determined as follows

2 (2)

where 42H is the angle corresponding to the start of the second section

and
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'V_ in the angle corresponding to the end of the second section.

For the third section, the instantaneous current value is deter-

mined from Formula (1).

Under the conditions assumed, the law of total current for the

by-pass circuit in the first section may be written in the following

form
','

2 , . ( 3 )

where B - induction in the air gap at the start of the first

section,

B1 - induction in the air gap in the first section,

ý0- permeability of air

6 - air gap with regard for the radial reluctance of the
steel of the stator rotor,

TIH - angle corresponding to the start of the first section,

91" present value of the angle in the first section, and

BR1- induction in the yoke of stator and rotor in the first
section.

Induction in the yoke in the first section may be expressed in

terms of the induction in the air gap:

1R,. B, (4)

where h'is the height of the yoke of the stator. Substituting (4)

into (3)*we obtain
-'t *=1

where
•/'• '(6)

We differentiate expression (5) twice with respect to 91

-d:5,
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The solution of this equation has the following form

B,-C~eb,±Ce-k. (B)

For the by-pass circuit ifi the second section, the law of total

current is written in the form

B?,-. - B2 q " 9
- 4,d; A , cosut-n?&jd•.

where

Ur - .

The angle and induction subscripts here and in the following formulas

are the same as in Formulas (2) and (3) and correspond to the section

number.

Induction in the yoke in the second section may be expressed

in terms of induction in the air gap thus

BR:-= . " "0)

then in place of (9) we obtain

- : -,,' j 3 ,, + ,,J 3 ,2d,?

- -;- 3 cos a, -. -- .÷,;) cos(,,t - a.) d.. (i.)

Differentiating twice with respect to 92 we obtain

-. -k:&-- LA - ,,&o,,C-?;A) sio(...! - ,up) -i CS(12)

-in sin in• -- ) cos (",!-- ? ).

Solution of this equation takes the following form

'•°A I I n - ), 2

-Sill l-- (-6 ); - rnf, Cek#+C~e
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For the oircut in the third sectioni, the raw of total current is

written in the following manner
s-- ,,. 2 (14)••,o~ ~li --. 3df+- A cos (wt -- ntp) d?.+.(

-3H
Induction in the yoke in the third section Is expressed in terms of

induction in the air gap thus

" -t(±5)

then in place of (i4) we obtain

Bý- ?J, I N 3P 3t B d ± f fB. ,d ,.2 + k !S fB~d pt
, f, , , , (1.6)

Differentiating twice with respect to T. we obtain

The solution of this equation takes the following form

sillA~ (-I A~- F Cel ek.(8

In order to determine the six constants of integration C1 , C2 ,

0, C4, C5 and C6 , in addition to the three fundamental equations (3),

(ii) and (16) we use the continuity equation for the magnetic flux:

,fi,? o. (±9)
which gives the two additional equations

B20.

In order to obtain the sixth equation for the determination of

the constants of integration we use the condition of symmetry of the

magnetic field with respect to the center of arc of the curved stator.

This condition makes it possible to assert that the derivative of the
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envelope of the set of curves of magnetic induction obtained from

expression (48) is equal to zero at the middle of the arc.

Taking the derivative of the envelope of the set of curves obtained

from expression (18) for various moments of time, with respeot to (

and setting 9 equal to zero, after elementary transformations, we obtain

CZ, o- . (22)

Thus, substituting (8), (43), and (18) into (3), (iU), (16), (20),

and (21), and taking into account (22), we obtain the following six

equations for the determination of the constants of integration

(23)

, .,

11t in - n
(A~~&~+ C . .-- C A'-'k .-. 1S~~-~ i

(cx-.. C~e ;ll .-Cc" Cl e I -~ -II- )Xi("- ID~
( .••" V/: lk c,,• ... n'• .,:(25)

]:" ,-"C,e -2,.-;" • •e-.•= ,- I.II) •n,,t-I?11

where . :,'A fnt +11 M--n

40-•*.. n2) ,

In expressions (24) - (27) it is considered that K T2.'2 and (21C -P2H

Sirmltaneous solution of Eqs. (23)-(28) gives

, I -- -- - hp, sin( p t- , --,Vsh p " oS( l- p) +

( -- l h, i ,~'," I-) 'i , ( -y) os: t - = . ---Y)l +

- -- ,, : VI'J -. ' (29)*

sh w sinh; ch - cosh
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+(L,__ N I w')h P-_y) Cog lwt - p-r
M+ts II--nf n IL ~

+(iV-M1+1I)ShK:P--Y) SiillwUt -% - Y)1 sip- -Y)(

for,= +M Ix'csuK -%) 2sh(p + Y )'tt-) +

In -i 71- n )c~~~

=~ ~ ~ (CV N)A -n);(1~)Ycoswtp)(V..IIIIh (-) t'-~1 s ( )
where~~ ~~~~~~w -- -p 1 W9±K, the- legho+h lc te ftesao

projeting beyon the acive zonthe legt oI thK. nwhc arainothe li-nea load +rmzr onmnltkspae
the value)S.Iý:PY Sill C~ C2(p y,'C ~ 5 n 6 it h



\,(._- t.. ! ck , Yin e. t -(M + N)A Cos 00e.t +

,'+" t- "1- - ckkc (p -- y)'cos..t+,I

-(-M+ ) h' Ip-y i •u~I i • .,1-V"

""h"k _ck°.m-,

Ri n m -+ A

(l .+ 4k + ,'
!(JI.f. .Vlsl/k)tk'.,awt ml :.gg- m -

- ) Cshk - ,'p( -.) +
+t -i

(.' V ; - . II) shiC/(p - .v, tit,.wtI hk '(PI + "

VkM AI

"I,-,sn : (- )I t'~•| .r 4 ,
O, n m-- /"1

H1 -l Uit + l

* ( -.. I)" .V-- .11 I sk(Y y1i. ' )*, "h, . •'" (I6)

wher~e V is the present; value of thle coorzdintzte over. the length aot

eax of the stato. Or"

'1L e h k .'p, ) c-klv .+

A)shk'fp 1) "!( ,m% n m n

sill .t )

• ~ Al ., I.,•kl•, k. 1

' =,ýpln W .(COS % ')± I ~Al iVcshk

1) ) IN .11 .1. s il( -4 ....+.(. .
, (.)-

where /inhe.preset-value -10f-the.coordinates or .lt
i ~~~~l '-- n' id TIn (I/ + ,

It Q.0
sh#) in(/( 4



kW_ _ siC÷k" -Pn -. t +

M+N

lk _ \'k Ilk
m Lit t it.\' •i2--•- f .... ct/,k= (.p -. y)

Y).

y( ' Al II)shkJ(Y y. -(,,- N)shkY+

+h )Cko '-:y sill (W1+23):* p'

where AMi, N, " ,/. : chLk(Y+Yi.)

(. --Ž.- rh,'. ( -.I),(N' - .14.*-iI) s/ak(r,+r)

Analyzing expressions (34)-(36) It may be concluded that there

Is a component in the magnetic field which is stationary In space and

which varies with time. The amplitude of this component has a mudim=

value at the Junction of the first and second sections, 1.e.1 where

the winding ends.

Thus, my earlier statements (2] concerning the tact that the edge

effect may be completely eliminated by the use of distributed windings

of a curved stator in Isolated oases proves to be not altogether orrieot.

Despite the fact that the Incident wave of magnetomotive force reduces

to zero at the edge, It is practically impossible for the Incident

induction wave at the end of the arc of the curved stator to drop to

zero when using the given type of winding. This is explained by the

tg - tan; th - tanh, cth - coth

-ii-



fact that the reluctance of steel Is significantly less than that for

air.

Figure. 2 shows induction curves for the air gap of a four-pole

machine for various moments of time as calculated according to Formula

(35). The stator had a winding with a lirear load which reduced to

zero at the ends along a two-pole separation. This same figure shows

the experimental curve of amplitude values of induction in the air gap.

The winding of the curved stator was made according to the schematic

in Fig. 3a. The diameter of the rotor equalled £00 m. The number of

loops is shown in the schematic in Pig. 3a. The coverage angle of

the curve statw was 2300. The ideal no-load current for a 120-volt

500-cps source was equal to 0.3 amps. The coefficient k was equal to

0.12. cm 1 . Ideal no-load conditions were obtained by replacing the

regular rotor with one without a squirrel cage. The method of the

experiment has been described earlier [2].

a) !

Fig. 2. Induction curves in
the air gap of a four-pole
induction machine with a curved
stator. Curves with points -

calculated, curve with stare -
experimental. ___________

Pig. 3. a) Schematic of the
distribution of the winding of
a curved stator. b) Nature
of the variation of linear
load over the length of arc of
the stator. The numbers on top
indicat, the number of turns
in the half-coils.
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From a comparison ot the curves it may be concluded that the

calculation tzoarulas very accurately describe the phenomena which take

place In the machine.

Some divergence of the calculated and experimental curves at the

ends ot the are of the stator may be explained not only by the assump-

tions made in the derivation of the computational formulas, but also

by the tact that variation of the linear load at the ends of the curved

stator was not strictly sinusoidal (see Fig. 3b).

,Val AFigure 4 shows induction

calculation curves without regard

for the pulsating component. For

comparison, the experimental curve

is also shown in this figure.

Comparing the curves in Figs.

Fig. 4. Curves of the induc- 2 and 4, we see that the amplitude
tion in the gap, without taking
pulsative fields Into account, ot the fields that diffter from
Curves with points - calculation;
curve with stars - experimental, the basic wave Is very Insignificant,

and these fields may be neglected

in engineering calculations of machines with a curved stator having

the new type of winding.

Using the described method oa deriving the formula for Induction

in the air gap of a machine with a curved stator, having a constant

linear load over the length of the arc, we obtain the following result:

Y %n--Y(-I) $AkY +

+ P--" s-inn -W--a)
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where

BA (- i;~ /7-~-shkp

"i"'(pit + Y)
tg ,- -k i ctA/p;,

where

B - induction in the air gap in the section occupied by the
winding,

Bk - induction in the air gap in the section where there is no
winding, and

y - present value of the coordinate along the length of the arc.

In this formula in contrast to the analogous formula [i],-the

present coordinate y has one reading origin at the center of the arc

of the curved stator.

In additionln the expression for induction under the active.

zone of the stator, there is no term which varies proportionally

with the hyperbolic sine of the coordinate of the point. This hyper-

bolic sine, in accordance with Shturman [i], makes the value of

induction dependent on the selection of the sign in the coordinate

system i.e., it makes the expression asymmetric with respect to the

middle of the arc; this asymmetry depends on the selection of the

directions of the axes of the coordinate system. The coefficients

of the other terms which determine the pulsating fields, also differ

from the corresponding coefficients in Shturmanis formulas ([].

Submitted March 25, L959
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