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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 undesiz;able 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
clrcult of the stator and gives rise to pulsatling magnetic fields at
the ends of the arcs of the curved stator., These flelds 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 flelds 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 1in 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 .1n 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 [1] 1s devoted to the question
assoclated 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,

4

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 followling assumptions: .

1. The steel of the stator and rotor i1s not saturated and has a
relative permeability 4 = const.

2. The reluctance of the steel of the stator and rotor in a
radial direction 13 allowed for by a corresponding increase of the
alr gap.

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

4, We will neglect leakage currents.

5. We will consider that there 1is no current in the rotor.

6. We will consider the reluctances throughout the circult to
be the same for the yokes of the stator and rotor,

The last assumption seems at first glance gross, but considering
that the magnetic saturation of the steel of the stator and rotor 1is-

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 dlameter of the rotor) by the fact that we
maintain the general length of the 1lines of induction in the yoke of
the rotor and stator, taking the length of the sections of the by-pass
circult 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
alr gap.

In order to evaluate the magnetic shunting of the alr gap by those
parts of the steel of the rotor and stator which do not have & 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 varlation of the linear load
along the length of arc of the curved stator, we divide the latter into
five parts (Fig. 1):

1. section without winding,

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

3, linear load remains constant,

4, 1inear load decreases from nominal to zero,and

5. section wit 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
¢ coincides with the middle of the arc of the curved stator. The
positive direction of ¢ 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 stator 1s taken as the positive dircction

of lnduction. The positive direction of cur-

Fig. 1. Magnetic cir-
cult of an induction

‘:g:{_‘i;‘e with curved be the direction from the observer into the i

plane of the drawing (Fig. 1). |

rent in the stator winding is assumed to

The instantaneous value of the total current along the length of

arc of the curved stator is determined from the traveling-wave equation
’.=ACOS(W.'-i.? )' (1) ]

where 1

instantaneous value of current,
A = amplitude value of the linear load,
T = polar division, and -
w = 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 slne 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 valwe 1s zero.

For the second sectlion, the 1nstanta;eous current value may be

) O8N —.(’ -,.';“') (4] ") -~ :-..!' .
= cos 2-:.’ .-;:.)c S \ 4 T ). . (2)

where Poy is the angle corresponding to the start of the second section

and
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."21( 18 the angle corresponding to the end of the second section.

For the third section, the instantaneous current value 1s deter-
mined from Formula (1).

Under the coqditiona assumed, the law of total current for the
by-pass circult in the first section may be written in the following

form
L =80, "13.. '/),,‘\l d:=0, . (3)

. .
Pom

",

where BiH = induction in the air gap at the start of the first
section,

Bi = induction in the alr gap in the first section,
Ko = permeability of air

6 = ailr gap with regard for the radial reluctance of the
steel of the stator rotor,

¢1H = angle corresponding to the start of the first section,
Py = present value of the angle in the first section, and

BRi = 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 lnduction in the air gap:

y
’*~‘k.}”'”% (4)
vm

where h 1s the height of the yoke of the stator, Substituting (4)
into (3) ‘we obtaln

B, 3+ k? j \ 8, de? =0, (5)
Sin “7"m

where

vy
52

RN (6)
We differentiate expression (5) twice with respect to ®y

Lo ken, =0, (7)

d:d
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The solution of this equation has the following form
Blgcie.'."‘?'&ae-*". (B)
For the by-pass circult in the second section, the law of total

current is written in the form

6

(9)

Gad:= } A cosm(3—3,) cos(ut —ny)dz,

2

{fEA—BE 2 -+

. Wiy

L

1] n
where

M= e
' 2(¢1.—%a)

1] W —

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 expreassed
in terms of induction in the air gap thus

Six

Bg. = " \'B,d? - ,‘l 5 Bydo, (z0)

then in place of (9) we obtain
g, fix 2 %2

BB 4 | j/;,w + & J jns,d?ag
o Yim Fon $ou

:3}- J COS My o= 3y, ) cOS(wf — no) ds. (11)

Differentiating twice with respect to 9, We obtain

a8, s WA
Sy N A I __!‘a - cos mz—3,) sin(wt — np) — (12)

=ML SIN M7 = 39,0) cOs (wl—n)],

Solution of this equation takes the following form

BeA m--n , ,
8. = ;?;- | }."»-'(-}ﬁ"AZ)I)I sinfw! —(m-pn)z-mey,| —

— e Sl v (m—n)s — m?-_.,‘]}»!-C,::‘”-}-C@“' . (13)

N (;l“- ..‘l)
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For the circuit in the third section, the law of total current 1is
written in the following manner

N . .
By,—8y,,, 2 ¢
!_P.’.,._’.o $- P'_P-;J ﬁn,d';--‘s Acos (wt - no)do, (1,‘)

$an Can

Induction in the yoke in the third section 1s expressed in terms of
induction in the air gap thus

¥ s
n .|

Bms}l.")Bd.-r Jl)‘da+hJB,d= (15)

.

Fin Tou Fan

then in place of (1%) we obtain

s ?!;' s Fax %3 ¢a
&f‘&+4 Bdwrﬁjde.+vffB@
Pau Pin . Pune Pon Pam P (16)

BaA

= 'J"J‘C()\(u-f ne )d(,
Pun

Differentiating twice with respect to ¢3 we obtain

a8, A
“' —k BJ— - —":i sm\m‘-—n«) (17)

v

The solution of this equation takes the following form

R B | . :
Fe M s FCe b et (18)

A0
In order to determine the six consatants of integration ci, 02,
O3, Cy» Cg 8nd Cg, in addition to the three fundamental equations (3),
(11) and (16) we use the continuity equation for the magnetic flux:
divB 0, (19)
which gives the two additional equations

~ Jaq-
21
In order to obtain the sixth equation for the determination of

B =8,
Y sao

the constants of integration we use the conditlon of symmetry of the
magnetic field with respect to the center of arc of the curved stator.

This condition makes 1t possible to assert that the derivative of the
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envelope of the set of curves of magnetic induction obtained from
expression (18) 1s equal to zero &t 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 respect to ¢
and setting ¢ equal to zero, after elementary transformations, we obtain
C, C. =), (22)
Thus, substituting (8), (13), and (18) into (3), (11), (16), (20),
and (21), and taking into account (22), we obtain the following six
equations for the determination of the constants of integration

(23)

(:;f"’»u - (.‘:t' "‘1:1’0:

Cyevae - Coe % - et s G0 b
1
v

[
RN Nk . (24)
CoNx COs 3,
mo-n n—n :
et e % 0 Cupeton LCe % =
Mk Nk

. ! R
\ M= e on

Crefoas Coo i Coetrine Coo=togg = M sinx--Vsiug; 26
26

(25)

i) o
ol Coy (wf X TN

Caetruen Cleha—Cret i Coo=* sh =N )] 1) sin{wt— 1,
('5‘—C';=0. )

where .
Mo A

=

m-n wod m—n
TR L vkt mon
2 Ks(m+n) 2% K &(m—n)
o nAn
AkI=n?) "

t
'

R SR ST I i=wt<(m =l ) g, — M3y,

In expressions (24%) - (27) it is considered that Pyg ™ Poy 84 Pop = Ppp.
Simultaneous solution of Eqs. (23)-(28) gives

_ \'k Mk

C, = ‘(”;;,; - in’ﬁ;\)d""p.‘ sinfwt =zp)—\ M =Nshrps cos{wt—np) 4
w AYS 1IN .

e an o a )OSR W coslat ()] +

. X e ke ¥ *
N Dt —) vl = =yl Gt (29)

* sh = s8inh; ch = cosh
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m—n m+n

L[ Me  Ne T
T (m+n m—-n n

Cym {(_/.\'.'i. ~ M ) chips sin(wt—xp)—( M-+ N)shkps cos(wt—rp)+

)clm- (p—y)cosjut—=(p—y)| +

skiprr ¥) |
4 (N=M-r1l)shaz(p—y) sin{wl —=(p- y)] 2 ..s‘;K(p’ LY) (30)

Nk _ Mk \ t—rp)+
Cy= [(m—u—m* ’,r/m)’sln(ut p)+

. 1 ,
- (M +N)shr Y cos{w! ~— =p)] 23/1k(p'= - 7}_
[ME , Ne U\ e
4 {\m-i»ll A M /l/II\ (p=y)cosjwt —z(p—y)| +

e-tun+))

H{(N—M1N)skrz(p—y)sinjwt -z(p — ¥)ih DsER(pE Y) , (31)

: N[.‘ 1‘4’\
C,= [(-”tn —,H_r)clm stl’w!-‘l’)"‘(N'L

1
Y wl—x R
+M)shrY cos(wt—=pj] SR T +
(f M« Nk U
* \(m ‘n Vwm e T AT ) chisip ~ v)coslet — =(p— y)| +

nry 2
SN M4 IDshrs(p—y) sinjwl—=ip \-)]} e (} )

2hw(pi+ ¥)
Nk {
Ci=Ci= K’" n m(«ﬁu—)clm Ysin(wt—=p) ;-(M-L N)shxY cos(wt—-p) +

Mx Nk i\ L.
+ (ln+n “men_ n /"‘h() + v2) cosfwl—=(p —y)] —

=MLY ol o= D g )

where ¥ = viH - viK’ the length of the block of steel of the stator
projecting beyond the active zone

YT = Poy - Pk’ the length of the arc on which tl» variation of
the linear load from zero to nominal takes place.

Substituting the values of Ci, 02, 03, 04, 05, and °6 into tha

expression for induction, we obtain



e e i e

Wt iy g o ¢

8,-(—!)0{(—’!-'5———&5—)0&&;)-“:1«“! -(M+N):up-roa-t -+
m-—n m+n

-(-»I)V[( Ak +__A£._—9-f-)chh(p y)cus mt 4+
m+n m—=n ®

(3%

FN =M 4 W) shks(p—~ ,v)smut]} ;‘l“'"(;;*'r";r’.) »

d . - % .
By = --Mecus [«»t-—(m ") 1—3:”]' Ncus [.-.f ¢ (m>-ﬂ)?—‘;‘n..| +
. ‘-"l

2y

) S0 O l)r[( Nk M )rhkl’sm ol -
me—n m-=n

. - . chk . ‘4k +_;\k —

M- N)yshk) \us«vf] S’ﬂ.‘{ﬂ;% ) +(--1y ‘I( " m-n

—l—”f-)chk'. po- Weos wf -3 )

n
Ca hkops v ¥ ),
: (-\ AA il ")S’lk’-(,’ - ,V"\hl ull}‘ .&hl.',‘,’: ':' ).‘)‘ . (}5)

( Nk Mk )rl:k)'sinmt-‘}-
m

}33 - Wsin {(nf .-',:. ) (_ l)p . —

A

A N Ik
LM N)shEY cos wt (1Y ; f"l + ;n--'—"f” - )hk ¥ g2)c0s wt=
m 1

. i . 1 -hkes . .
(= 1N - M VI SAR(Y - v sin wf } /lk(bpt : ) ().6)

where ¢ is the present value of the coordinates over the length of
arc of the stator. Or

[y, "Iy Nk X i
= - 1. i <4
b=l ”,.‘ H !(m A m-+n )(I:k/:

G A=10(N =M D W)shb<(p ¥ ‘ |( ‘)‘f Mk 4 Nk 'L" likdp vy-

m-en m n

Vot \n/l(lr' \chxipz ¥ n (wt - 20, (3*')

il ?/'kt/)' ))
M N& llr.\ .
o Sy) - (M N)shisp
where L x){ i }./:k v (M N)sh
| $LE I

w a ».k
NN - M- W) shis (g — v
(m " o (‘lz/.p ( INAY I )slll' ([l ,\)

B.= Mceos{wt—(minsi- rp]_ Ncos{wl = (m-=n)z- R4 =
’ 2y 2y

/i

— -
M= Nysiky] S _sin (ot 4 2,) +
S

T shkipr = 1)
/1 7
+(=1)pe=ry, l(;\'~ M -,ll)slxk:(p—,\')] + (35')
Pt . .
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r AL ”k "k)ﬂl‘ ‘ - )] C’l*f ‘B.y 9)“" (¢f+l’) ) )
minT m-n R(pz r 1) (351)*
where
' . M+N
' ‘ﬂ’l-"hk)' \,k "’k .
m-n min
Mk Nk ok
ty a,w-m { """l”'”—ﬂ L Cthiz(p --v)i
8, Nsin (.., ' ?T) +( ")"/I G m':-u "“’“
( l)"k;\' M Il)slu'.'()" \")r ~I(M + N)shkY 4
S MA T NE k) hk; -
I e R ) US| P e oy St (36')
h) Nk H 3
where e Mk A .':)c/,/.-(y+y-)
19 ay - ik min ”L.’!" L———-—”--
Nk
(;;l--l m -—n) k“ B ")3"’*(’+Y')

Analyzing expressions (34)=(36) it may be concluded that there

is a camponent in the magnetic field which is stationary in space and
which varies with time. The amplitude of this component has a maximum

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

Thus, my earlier statements [2] concerning the fact that the edge
effect may be completely eliminated by the use of distributed windings
of a curved stator in isclated cases proves to be not altogether correct.

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

gero when using the given type cf winding. This is explained by the

* tg = tan; th = tanh, cth = coth

=lli~-
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fact tﬁat 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
gero 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 100 mm. The number of
loops is shown in the schematic in Fig. 3a. The coveragQ angle of
the curve statar was 230°, The 1deal 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 obtalned by replacing the
regular rotor with one without a squirrel cage. The method of the
experiment has been described earlier [2]. "
e
‘8
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Fig. 2. Induction curves in

the air gap of a four=pole

induction machine with a curved e
stator. gurves with gointa -
calculate curve with stars - ,
axporimontil. r . j

| E—

Fig. 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

indicate the number of turns

in the half-coils.
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From a comparison of the curves it may be concluded that the
calculation formulas very accurately describe the phenom'o.na which take
place in the machine, ‘

' Some divergence of the calculated and oxperuientul curves at the
ends ot\the arc of the stator may be explained not only by the assump-
tions made in the derivation of the computational formulas, but also
by the fact that variation of the linear load at the ends of the curved
stator was not strictly sinusoidal (see Fig. 3b).

o, BGS) Figure 4 shows induction
p! calculation curves without regard

for the pulsating component., For

s
e

81

comparison, the experimental curve
is also shown in this figure.

»

Comparing the ocurves 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, of the fields that differ from

Curves with points ~ calculation; .
curve with stars - experimental. the basic wave 1s very insignificant,

and these fields may be neglected
1p engineering calculations of machines with a curved stator having
the new type of winding.
Using the described method of 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:

B ' ,
3 ® = [ {= 3
B = = -;-sin (Wf—--'-g-y)—-(—l)" (-;Sth)+
R+ P :
. it chhy {
+ (.ech;:f) Ty S (ut +¢)j,

tga = k—:-cthk}’.
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where

o\ chi (px 4+ Y—y):
+ (kCIMp‘R) iMp(p‘;T,;iL)' sin (wt + a,),

tge,= —k —:‘— cthrpe,

where

B = induction in the air gap in the section occuplied by thre
winding,

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

Yy = present value of the coordinate along the length of the arc.

In this formula in contrast to the analogous formula [1], the
present coordinate y has one reading origin at the center of the arc
of the curved stator.

In addition,in the expression for induction under thg active,
zone of the stator, there i1s no term which varies proportionally
with the hyperbolic sine of the coordinate of the point. This hyper=-
bolic sine, in accordance with Shturman [1], makes the value of
induction dependent on the selection of the sign in the coordinate
system 1.,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 Shturman's formulas [1].

Submitted March 25, 1959
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