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sYXopsis

Harmonic sffects on skewed Indugtion machine are analysed

bty means of digital computer using pmched eard technigue,
Analytiosl methods are developed 1o ascertain the effect of skew over
eurrent, power factor, torque and other undesirable features like

dead points, orewling, cogeing #t0., resulting from wide variety
of hammonios of sachine . In addition to the conventional spece
harsoniog, permeance harsonics which are likely to produce apjrecisble

«ffects are nho. considered.
Attention has aled been paid t0 the influence of spce
harmonics on noise too.

It s shown bere that, the slewing improves the performance
and reduces the noiss t0 aprreciably wery low degres.
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INRPRODUCTION

Harmonics have beenn koown t0 be ihe source of trouble
in slectrical machinas £Or many yoars.

Jor almoct as long as Engineers have bdeen designing induntion
machines; they have attempied to suppress harmonics tc make it troudble
free., The interest hu given rise t0 large number of articles on
the subjeat. Moat of the signifisant artiocles sppearing defore
1947 are linited to phase Ddelt barmonics only.

A yevisw of the literature of the subject shows, the wide
acoeptance of the wisw that slot ripples in the slecatricel mechines
are caussd by the intsrsotion of rotor permsance barmonics with those
set up by nonesinusiodal cistribution of stator winding, non~uniformity
of air gap snd slotted surfaces of stator and rotor, It is shown for
that very high slot frequency ourrents are induwsed in rotor oireuit, but
these high frequetoy ewrrents are not the problem as the magnitude
of sweh eurrents is not genernlly aprreciable so these can b overlooked
sasily. The old reasoning of non-integral number of slots being the
cause of higher harmonics was based on incomplete understanding and
has besn ruled out by Carter, Kren'®>’, Hearty('®), warxer(19)
supported W mthematioal theory,

Attonpts t;.w been nade by ‘Mr("'w). to study the effeots
of principal harmimics of the air gap fisld neglecting saturation and
saturation harwenies by means of equivalent eircuit. Zhe harsonies
deteriorate the pexrformance in xespect of eurrent, torque, power

factor. Kot »e much so Dut sometines, it is impossidble to start the
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motor dus to stand still looking (dead points). Bven if the

modor starts, it falls to cume %o tﬁod due to harmonic paresite
tor@m and soon getis heated up dus %o poor power Iactor and high
surrenis. Therefors, the prodlem of reduction or elimination of
harsonices have gatlared large attention and, ons of these suggestions
in eddition to othexs fyequently advocated for squirrel cage retor is
slewing of rotor bars. The intersst in ths subject is being revived at
pressnt by the nesd for precision electric mschines free from maﬁ)

noise and starting torgque trouble eto.

The phenomena of haymonice in ¥ phase induction mechines
can ds better wnderstood by Block disgram showing, the relaticns of
harmonic fluxes and véx-m. The blook disgran (see adjacemt
page) shows considerable similérity with indwtion machine free
from hammonies when operating, in the balanced steady state. The
diagram gives a ‘mﬂc represantation of guantitative equations,
where the relationship betwesn the quantities such as flux, emf, survent
et0.; ars treated as cause and effect ssquence, Quantitiss which
react back to modity earlisr quantities are treated as cases of
feed back.

The generality of the comoepts used lwre has the important
sdvantage that Wy & process of physical reasoning, it provides a mesns
of arriving quickly at & qualitative understanding of the mechine
harmonis phettomsna, which arises t0 predetermine the exaet dehauviow:
of the machine. %The machine 41s further assumed t0 work in weatuwrsted

region,

The yrecent develepmants in computing technigues over
somputer have made pessible large scale oomputations pertaining e
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nechines which oiherwise would be out of the gquesiion. These techniqwes
make & frontal assault on long standing probiems fsasidle; this work
is a report of sueh sn investigation. he basic purpose of this werk
is to present qualitative as well as quantitative approach w0 the
behavicurial complesity of harmonics.

Performante ourves for useful torques, parasitic torques
due to a nusber of harmonics, surrente, power factor and apeed have desa
computed for full range of the akewed yotor maching. Eimilar caloula~
tions are alse performed, negleoting the skew of the rotor. The
results s0 obtained draws attention to the iaprovasnts which the
skewing ean introduwe in starting as well as in sumning conditions.

¥o1se3®  in electrical maohines 1s also squally retrogative
sffects of space harmonics. All the harmonics jproduce air gap forces and
theys by contribute to noise and vidration. The author has attempted to
predict the noise level of the machine iuapite of the voluminioue calcula-
tion involved. Noime specirum and souwnd intensity ocurves have hﬁn

computed.

And lastly, ths influsnce of further skewing of rotor bar
over parssitis torques starting torque, #tc., is anslytioally studisd and
thus eriteria for most propor skew angls in general and for the'test -
model'! is suggested.
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LIST OF SYMBOLS

/% 4 Negnato motive forve
e 7% Current.
(‘)1 muf. conatant.
o Spase angle
ab,nf Forward, backward harsonic (mth)
] Order of space harwonioc
np order of permsance harmonic
m, Order of slot harmonio
w Radians / mec.
t Time.
Yy Blot angle
k number of phase
8yrl, | air gap length
B,b flux density
R nwmber of rotor aslots
8 Number of stator aslote
p Paiy of poles
b Busber of Poles
r, Stator perswange faotor
Pr Rotor permesnce factor
Y Y, Order of permsance wave.
L Ratio of R.M.8. t0 average values of stator and Rotor resp.
. K Constant
g Nux
/8 Plux linkage
c / Integral number

Kl/;{'?’ AVeAa.ge Hean Pey>n’x\cumc,e..
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811y
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Primary winding factor
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Digmeter of stator
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Average REAl DEINSANCE.
Integral conatant
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magnetising reactance
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Length of Btator Core
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Alr gap flux linkage
Coil apan
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Fermeability faotor
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Mutual inductance
Induced emf
Applied voltage
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E(n)

Y m)
¢sc

P(0)

Skin factor for mth harmonic resistance.
Reactance, skin fastor
Cosec
Oxder of yotor harwmonics
Coil span angle
Pgrmoance

Stator resistence per phase

Rotor resistence per phese (refer to primery)
Coil) end lealmge

skew leakmge flux

A

e

£

S8lot angle
Height of sections of slots.

Width of slot

Opening of glot

Slot piteh oms.

Constent defined by equation (4.26)

Povier dowloped. (syn watts)

Torque developed of =nth harwonic (Syn Watts).
Synoronous apeed (Syn. r.p.m,) |
Speed of mth harmonic

Pull out slip (for mth harmonics)

Speed of r&th harmonie
‘:/xx

BOLE pitoh
Kumber of phase belts

xi
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r.D.o. pressure in dynes /cna

Denaity of air

Velocity of sound in aixr cme/sec.

Wa.tts/cma

Radial depth of the stator core behind the slot in inches .
Mesn diauetar of the stator core
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Correction factor.
Radizl force lbs,
Deflection in micro inch

Sound intensity (abs)
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Porce wave poles
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" GHAPRPRER X
RARMONIO ANALYGIB OF INDUCYION MACHINE.

Since induction sotors were tha first built, 4t has been notieed
that some motors Behave erratically, some 40 not go up tv full speed dut
'orewl' at a lower speed or are moisy in certain regions and are uscless
for all commercial applisation. This behaviour waw atiridbuted to the
phunuo of harmonis in the air gap but the oconclusions drewn fyom these
analysis were at variance with the obsarved facts. The slot openings have
also been suggested as & possidble causs of these irregularitiss. However,
in the analysis of slot openings either ons of the surfaces was asstmsd
to be amooth as emphiasis i3 peid only on the change in ths fundassntal
flux dus to the presence of slots.

Avalysists arrived at sone saperical relations for the seleotion
of rotor and stator slots some of which wers sathematically WMC(”)
at a latter stage. Bp weing such emperical or semi-smperioal rules they
were asesonably safe from unpleasent surprises.

The presend chapter presents ths review of wh:nt has besen achisved
t1ill now in the field of treatment of barmonics of non-salient electirical
machines. Jor our purpose of determining the different types of parasitis
torques ®.8+y aynoronous, orewling torques,desd points,vidbrating foross
and other desirable effects prodused by harmonics, we will consider all
the possidle harmonics of desirable orders and magnitudes likely to effect
the normal pesrformance of the machine to an appreciable degree.

Pigures written in parsnthesis denctes the serisl nuaber of refersnces

given at the end,



Chap. I 2.

The possible harmenics are!

1. Space Harmonice produced by the non-sinusiodal distribution of
the winding kmown as phase delt harmonics. .

2. Space Harmonics due to slotting of stator and ro'tor surfaces.

S. Fermeanse Narmonics introduoed by tiw mon-wmiform air gap of the
machine. As these harmonics are prodwed in collusion of air gap varianoe
barmonies and higher order harmonice of stater and wotor, ihese barsonics
are alse function of number of slots of both sides. Generally perseance
barsosics ave of very low amplituls.

4. And lastly the time harmoniss present in the supply wave and which
oonsequently give rigs to other higher order of spsce and tims harmonios.
But for our jurposs we will assums the supply & ainueiodal free from any
time barmenice.

1.1, MMASE BEL® HARMONIOS
tete1. Opdex of Hargonics

It is shown that sach distridbution of nind:ac Nay be yesclved into

space harwenics, beginning with a fundamsutal and the higher hﬂmiﬂle
Pig. (1.1) represents the third and £ifth harsonics in addition to funds
mental of & winding in which mmber of slots per pole per pwse ¢ = 4.
slot angle )= 13° with no chording.
Taking O as reference point, the spuce distridbution of any harwonic maf
due %0 eurrent 2.. mmx my s represented by

£, - (A) Cos (wo)

whene 1, = I Cos (we)

*e 2, = (A), Con(wt) Cos (me)



5TH. COMPONENT
3RD COMPONENT

FIGURE 11

STATOR

pe— Ys, —>
|

et

J; wsf |

') .
[ -
) | ,
’___é wss k') Q)j _U-Ana GAP LENGTH

N

- YSZ

FIGURE (.2

szortsz Ys2 ——
__“WL_;_T“__SOTOR_ - 4"1‘ _.-J;__f_i%‘”

n \ .
> g () KT

FIGURE |.3




Chap. I b

Sinilarly 2w 2 w
£, = A Com (W ~ ——)oos (we+ —)

£, = A, Cos (.94%)00- (wt - -—?—-)

The resultant distribution Loy mth harmonio is

r=k _
Tw) = A .E:. q" Cos Jﬂ*“-(r-l)(#_l)-?;: ]
r=1

+ Com "9’* wt u(r-1)(n~1)1§-] } |
‘Bumaing it up for ‘k' phases

. . _..&_Wr' Sin(ae1)" c“[” -t - (s:”ﬁ.m! s"}

2 sin(m+1) N
X

-

-

o J Bin (m=1)* gos [uﬁm et °')'] cors(t=t)

- ™~
2 sin(e-1) < x

w~—

Yhere
B = opder of spaee harmonic dus to distriduted winding.

k = ausber of phases
6 = space angle

A . " Naximus magnitude o' mth harmonie

Finding the limiting conditions of the equation (1-1)

8in 1"
("".) - __g___ - X .Qoo't("z)
Sin(m=1 ) o
k
12 (s=1) 1a sultiple of k
‘ .5| 1) 1’ Bin (”1) » .g__ - k ....(1-3) .

8in (me1) ;
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1t (met) s multiple of X

1.1.2. Yelooity and Direotion of potation of Harmonies.

Bieterentiating the angular function of cosine terms of

squation (1=1)

“g%"‘a‘ w ot 3"“'. - “"z"" ("")
.ﬁ- -tw -ﬁ- - (1-5)

Therefore the first cosine term of equation (1-1) gives only
Backward rotations and second cosine term gives 'forward rotating' harmon=
ies . Tabulating the possidle harmonics thus produced in spase with
k=3 (number of rhase) with respective speeds and airection of rotation.

fable (1«1) 87
Order Speed & Order of Somed &
n::.co . Du"‘::: B::':la Dp:l;mtion
1 +1 29 ae%-
S - 'g"' 5 * 3—1—'
7 * ~.l,- b ] - —’%
" - S .5
13 . -;%-— Y - .é-
7 - -ig}- 4 . -;%—
S A
23 - 'é'} 49 * -‘-%
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V.2, FRUEANCE HARMONICS
1.2.1. Opdex of Btator Terpesnce Nygwmonics
Pirst it iy assumsd that both the stator and rotor teeth are

removed. The permeance of the resulting gap is Yo (constant) and is
represented on figure by unit height.

Iat the stator teeth be intxoduced. At certain places the
d.cng’th of the gup is decreased and permsance inocreased. This change

of permeance oan be considered as if an additional permesnce Ps  consist~
ing of 9ot sngles had been introduced with the statar testh, Similarly
let now thn‘ stator testh Do removed and sevolving rotar teeth be introdused
This is equiwmlent t0 introduwoing an additional revolving permeance Fs.

If both teeth are introduced, st thoss points along the odre
oumsferencs whers no stator teeth exist, permsance dus to the rotor teeth
is the same an Pe but at thoss points where both the testh exist the
permeance would be much different. The nst permsance is given by the
Froduct of two permesnce functions. Vriting for the amf ¥ as 2(0,t)
as it is function 0f 0 and times Assuming unsaturated conditions, the
air gap flux density at the stater surfuce s

f('g,ﬁ)

B(0,40, ,t) = £(6,, ¢) 2 (8,, 0,) =

Yhare

2(0, , 0, , t) « flux deneity which i» funotion of rotor position
02 » stator position 0, and time ¢,

| 1‘(0, » 0,) = length of the airgap which is & funetion of sotor Ponim
tion and stator position.



Chap. ) § 6

The perssance funotion ( a term chosen by the author to gveid
uwsing the longer term 'meciprocal air gap length function' ) is defined
- 1100, ,0,) |

The exact solution to the mﬁuon {(1«6) i» very complex
involving three varisdles 8, 4 0, and t. P (0, , 0,) permeance funme~
tion itself consist of infinite seriss texrms , but the function can de
sinplified by introducing an assumption. The assumption is that there
exists in the air gap 0f any machine & mmgnetis eguipotential surface
of cylinderical fasion. This asstmption is well founded in machines
with ssmi~elosed #lots, it may not hold good for ealient machines.

- (16
If this poatulate is xauittcg. all of the effects of
stator slots may e mcasured with vyespect to the squipotential surface
without refeyense to gotor and all of the gotor effects without refere-

noe to the stator. Zhus 4t may be writien
1‘ ( 0 0 02) - 1”(01) * ¥a,(02)

when
1‘.(01) = length of the air gap from equipotential surfece to0
the stator and o function of o‘ alone

1”(02) = length of the air gap from equipotential surface to
mwm.nh.mumoroa alone an repressnted

in Pig. (1=3).
Bech of thess terms 1” and 1“ my be expanded as infinite
15(008) = 1+ g' Lype 900 RO, + 1, Bin RO,
* 1ppe 008 pedy ¢ 1, Bin ped, (1=7)

Yhere



1‘0 = mean effective air gap length.

1.”. lm., lm, 1”. « harmenio coefPicients of air gap length.
R&SB = number of rotor and stator slots respectively.
By means of binmmisl theoyem 1t can be shown that
P(0,,0) =2 ¢+ +7 : (1-8)
where
ro = mean effective DEXESAncs.
P = additional permeance dus to potor slotting.

P, = sdaitional permesnce dus to stator slotting.

ir P1 « permeants Of the aly gap sscuming the potor amooth and stator
slotted with & slots,

 /

2 Permeance of the sir gap assuming the stator smooth and rotoy

alotted with R slote.
The two permesnce squations Serived with the Iwlp of conformal - Transforms-
ston (see Appendix 1) Theory ares-

o ‘
r = K [w E -% Cos (v,%@) i : (1-9)
e v‘.’ . -3
© .
’, - X, 1\»2 -::cou(vzl 0')] (1-10)
‘ '2-" % '
Yhere,

vy = order of permeance harmonic with sotor saooth er in
brief stator perwmsance harmonis order.

v, = Rotor permeance harwenie order.

es0or « Ratio of R.mee 10 average values of stator and retor

respsctively.
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£(0,8) =24, S Oos (a8 ¥ w)

defining a new space variadle angle in terms of number of
pasr of poles (p) as

O‘a- po

then £(0,8) = %&S_" Con (mpd ¥ wt) (1=11)

g, =t0,8)x2
g, = 2 A u,zou[m:ut][ ,-,‘;-— ;‘,foo-(v,sfo)]
9 =3 *.hz Con (u0 ¥ w)
2 A x, - X ZOQI(M+ w)co.(v,‘ff:a).

S, =F +8n

o g ?

» M

}_ }{cou (pad ¥ wt - v50 )+ Com (mod + wt*v,ﬂﬂ )}

{80. [(-—-—--)wﬂ»n] ’cm[(-f+-)9m]‘}

n...(hﬂ"&)
.

»'¢ mth phase«~bslt harwonic when conmbinsd with v,th permaance herxmonis

&ive rise to two tew space haymonics whish wxw we will c¢ll es 'Permcance
travelling wave' of the order of

»

i -
C-’é +M)  trevelling at the spesd of

tw * w
‘-—s---t and m;"‘w 1-.0' one in forward digection
T

and other in backward direction.



Chap. I 9.

The permsunee travelling waves will influsnce the mmgmitude
of flux denaity of mth belt harmenio (b, ) with respect to whish they
are stand still. Thess are the stator -slot harsonies .« io each
stator hammonic b, thers correaponds a seriss of permeanse trave-
1ling waves.

The order of the alot harmonics of stator is given by the relation

| : '
.. - : 56‘%’) + 1 where c“'l' 19235 vevvens (“"“)
and parmsance travelling wave arder ia
n = A %) t1 or t v 6%) +1 (fl-ﬂ)

Comparing equations (1+13), (1=14) 1t is seen that the pere
‘meances waves of first order (v, = 1) are at stend still with
respect to slot harmonies of f£irst order (0-’-1) snd sinildrly second
order permsance wave are stand still with Z2nd order slot parmonies
() E-r 2).

The table (1-2) gives the order of stator permeance hare
monies produced by air gap permeance harmonice (v, ® 1,8p0r.0000)e Yor
our purposs we will limit curselves to Yy - 192 4.0. ZLirst and second
order air gap permeance eomponsnis and ths resultant stator permsance
harmonios are listed in Table (1-2). |

2ame (1-2)
” ] np Bpesd of np
23 ~1/2%
| ] :
25 . ~1/2%
47 -1/47
2 | : .
49 +1/49
‘ 19 +1/19
| 5

PN -4 fan fNnman A
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fable (t=2) Contd,.

10.

v' Ip Speed of np

43 *1/43
2
- 33 +1/8%

17 «3/37
1 7

b1 ] +1/31

, 41 -1/4%

2 Y 58 »1/58

1% +1/13
1 1"

i -1/3%9

%5 *1/35
2 1

59 «1/%9

1" -1/11
1 13

s7 *1/357

T *1/1
1T 1

41 ~1/41

) -1/5
1 19

43 +1/43

1 +1
t 2y

41 -1/41

1.2.2. Rotor Terpegnce Harmonios

Yhile finding the rotor permsance harsonics, more accurssely
" rotor permeance travelling waves, it is assumed that only rotor surfese
is slotted and stator surfeae is ameoth, then permesnce equation iat
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v,
,2 - [’[‘I% z "3:" eﬂl(';a” "‘"2‘):1 (1-”)
g v,
2 .

R =« gumber of rotor slote.
"a‘ »  Radians/mec.

vw = order of permsance componsnt.

™he muf at ths atator surfase ia

£(0,¢) =2~ A, 5 Coa (0 T ws)

L

“« ’(P);ragffg")._g.“ rg‘.i““(rﬂ: “)

A oo e ? we) con (3260 - )
2 .
cones(t=16)

RN Y

g‘. ﬂr’ IIQOD (“ 2“) eo. [?’;EH- (w-'at)}

Substituting
., 8 (s1sp)

- -
"y wewi

Simplifying 1t

tons onln Bewtal Bmsn )

d.”

: v, R
‘2 °"{’° (:f;*‘): wt [-}-(t-—-)z U } (1=17)



1.

v,
- - SK. - -
L Ka[‘l* Y v, Cos ( > RO wot )] (1<18)
O |
R - aumber of rotor slots.
= Radiana/sec.
- order of permeance componsnt.

Y2
Y2
s suf at the stator swinse is

r{o ,¢) "'.%' AL S; Con ( p® ¥ we )
t‘o ’(P)‘PaxfCQgi)."g‘“ "L':ﬂ“(”: 't)

+ 2K -u-co-(m'«': wt) Cos ( YoR(pO = w, %))
2 2 A"a o8 ? 2
lthnt(""&) N

A Y .

3

s pr” = X Cos (ymd + wt) Cos [ '3.;.. (pﬂ-»wet).]

Bubstituting
% w 8 (slip)

- -
", wewh

Simplifying it
- R
| J -5 Ooo{po (:;d-¢a)3w[:%~(1.,):13

. v, R
2 00-{::6 <-'§'-'-u>: w[-—%—m-.): N } (17)

f-...,v-—l
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Siving the following values to equation (1-17)

R = 68 P~ 2 v

and m= opder of stator Ddelt harmonic

- 1'2

The equation (1-17) shows that rotor permesnce harmonios
are funotion of rotor slots and order of air gap permesnce. It
also ehows that esck opace belt Dharmonio will produce a seriss
of permeance harmonice. The permeance harmonics are somstimes also
called sub~-harmonics t00. Tabulating the useful rotor permeance
harmonics likely to mdmo an appreciabls effect. Rotor permeance
Harmonic it given by

VQWP} I»
or + v(3/p) +n : {1~18)
Pilus aign for forward rotating and minus sign for backward
rotating.
Zle  (1--3)
v » order of | Gpeed o
2 Karmonio direction
35 1/55
) ]
33 -1/%3
69 1/69
2 ] _
67 «1/67
39 +1/%9
1 5
29 «-1/29
41 +1/4%
] 7
(] ~1/27
69 +1/69

LI 1 -1 Contd. ..
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Tadble (1-5) econtd..

) " opder of Speed @
Harmonics dixection
€5 +1/68
1 31
) «1/3
3 +1/63%
) 29
5 -1/5

1.3, AMPLISUDES OF FARMONIO gy

1.3.1. smplitude of Belt Harmonice
the squation (1«1) gives the amplitude as
[ ]
A o B (a1) » - (1-18)
2 8in (m=1) */k

while finding the mathemstical limit of the funetion.

X
T " ?—T where k = number of phages = 3

. 1 z
i O T e R e

T = Turas pexr phase.
1 - Nax., ourrent of fundamental tims harmonic.
K « Digtribution factor for mth harmonic.

(2
- o.9~:’ --:-5‘—)-— I, (mmt per pole) ..(1+13)



ch’; x “i
(1-19) gives thw amplitude of mth harmomic in air gap. Yor .ﬁto:- nth

I =]

= * '21. L)

L * *
't Mae 00 5(-—15'-%—) 1,

)
*
« 0.9 (x/m) (*’}:‘L—) o, 1, (1-20)

Yhen D, = !; /1, - damping factor per sth harmonic.

Siatlarly if te«D = O (Demping fastor for rotor ourrents)

* X,
P

) o 3, (1-21)

then P = 0.9( ﬁ-?}'(

Equkions (1=12) and (1=16) gives the amplitude of pere
msance waves an 4 4
, N, = VR or

stator and rotor respeotively.

Amplitude of permeance harmonics is funotion of es and X, , K9

and "’1 » "2 . \
.3 Ap
Tenle) e -5:- 3 (stator permesnce harmonic per pole)
saenel(1n22)
Par(y) = K v T (1-23)
As dafined earlier
s and oy « - B!L . valus of DOTRRNCE Waves.

‘ AVge
K & K, &  Average Ecan POIMeances.
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The ;bdvo factore are investigated in detall in Chapter 2. .

1.3.5. Anplitude of Slot Hargonipgs
| Yor slot harmonios, the fundsmental st of the stator when asts

with non-uniform perseance produwoed by stator slotting gives rise to slet
Barmonic is the sane as of fundamental. Zhaxefore mmf of elot harmo~

nise can dDe writien

%
P Wy .
’-'(') - 0'9‘3;..‘ ( P ) i‘ YT YR Y Y (“e‘)
1s)
,“(‘) » m—;;om | BaxrevIBecun (1.25)
1e4s STATOR AND ROTAR HARMONICS

Swsmming up the harmonio phencssns we have
1. Mhase Belt harmonio tadulated in Tabls t-1
2. Stator permeance Marmoniss given by : k‘ (»/2) =
3. Rotor m- Harmanios given by * h‘ (R/plm
4. Btator slot haracnice given by ¢ k'(8/P)+1
5, Rotor slot harmonics given by ¢ x (n/p) +1.,

fox- our purposv we will consider sll these. The harmonics
of importanee 6: stator and rotor are listed delow

Zodls  (1~4) Stetor Notor Haxmonioss
= " i . t .
STATOR v, =0 v ¢+t | v, = o1 k‘ +2
2 " 2 s ,,; - +2 } Y L
Ea Y 3.0 % 4 =95 8y <87
«28 L3 +29P -39 +63 -73
37 7 +41P 27 +75 61

Contd..
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Table (1~4 ) Contd..
RBOZTOR
STATOR - - - - la -
o 0 Yo +1 Yy 1 :2. :g Yo -
~tt 11 +232 -45 +57 ~79
)] 13 +47P -2 81 55
17 17 +17P -51 | 88
+19 19 +*5358 -15 87 -49 -
23 23 1P «87 45 Al
*28 2% 9P -9 98 -43
29 29 * 5P -3 % -7
+34 1] 652 . | 99 37
38 , -1p «59 33 =103
N -/ A +*P +3 105 =31
3 4 -~T» w75 27 =109
-43 43 *T7 +9 13} «25
47 a7 -15P ~81 n -11%
+49 49 03 15 17 -1
-53 - ~19P «87 13 I
+55 %5 +89 +21 13 -13
=59 59 -25F ~3% 9 «127
+#1 61 +95 +27 129 -7
-5 &% -31P -9% 3 ~133
+87 67 +101 +33 135 -
-T1 71 w3TP 105 -3 «139
+73 ™ o +*39 141 +5
-T7 ™ -43P -11% -9 148
19 ki +113 *45 147 n
-3 83 wi QP 147 -15 -151
85 8% +119 +51 53 i 4
-89 "% ~55P -123 -21 -157
*9N 9 *gs +57 159 a3
-93 9 -~§17 -129 27 -163
+29 9% *151 *§3 165 29

P imcl Ca_/_[g‘ /f;Te cﬁ,mb,‘fna,(;'b;t 7%5% %g.bazéﬁ(; é:&,e}u.cé"



.1-5. MODRYL OF THE SPACR WOR1

The model shown in the Pig (1=4) 1s based on the following
uuwm(‘) .
1. Narsomie fluxes having different musbers of pairs of poles do net
interfere with each other, they may be assumed 0 exiat in €ifferent |

industion motor structures.

2. PEach suoh motor has Qifferent mutual and leakags induwtances,
also resistances (Ihe resistances axe differsnt foy each wotor
because of the skin effwst dus 40 the currents of different
frequenciss). There is no mutusl linkage betwesn harmonics.

Since oOne current in gtator produces a series of fluxes is
represented on the model by connsotingd a group of stators or rotors
in ssries. Thass series connsoted atrucstizes have the same mumber of

pairs of poles as the fluxes produced Wy the cwxrent,

A model mr'th- Liret stator , mth stator and first slot
harmonic of stator and yot0r group of hmrmonics is represented in
Pig. (1=4)s Rotor sub harmonios are not indieated.

Y46a1.  As explained saxliey; ons finds, on examining s variety of

haxmonia, phenomens in rotating msachines, that all have in comson
the fast that the air gap flux deneity cannot be expresssd s a aimple
retating wave funotion, simwiodal in space and time dut eontains

in genersl a sombination of suoh r0%ating waves, harmonically related
in spece or In time., Atiention is 4irected initially to the general
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form of the flum density componwnis as follows ¢ .

It i sasumed that tiw aiy gap flux density is wmiform in
axial divection and end effects are ignored. Thus flux density b,
can bs written 8, =0  «wrt (taking two references winding
at time sexo).
b «B8in (8, ¢ kwt o g)
The method of approach here is that inetead of considering

a non-ginusiodal current ia speee, machine winding will be considered
as sum 0f the harmonio component each warying sinueiodslly in space.

Taking ‘; a psricdio funotion of space angls 8 4, it can be
expanded in Yourier series - -

B = B, Bnj0s
B, 0
It' 1 = 1(t)
£ eni = 4 Z ¥, Bin § O,
3 = 15.

In this respeet, thersfore, the sctuml winding can de aonsidered
as equivalent to series conneetion of windings having condustor distri-
bution ¥, 8inO s, N Sin50 8 etc. when

9
l‘ “ X x "‘
1,6.2. Yoltage Induced in Winding
'
The voltage v = «!w when F is the flux linkage in
at wd  time,

.’ - K {’"T:bdus
]
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ew
&= of (:!‘Emgo.)nsm(-u.:ht+¢)n.

evaluation of this integral shows that (fw 012 §¥ =

Zj- 1 3? n
Therefors there is induced voltage only when mth harmonic flux links
with mth harmonic winding distribution.

vy == 4l o w ¥, Bom (ot « §)
at ’

¥e reach to same result by winding diatridution aprroach. This
spproach the outline of which is presented here will be further utilised

‘in next Chapters for finding out genernl equivalent oircuit and harmonio

torque phencmsna of nonesalisnt pols elegtricel machine,
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GENEVAL BQUIVALRNY? CIROUIT JOR SKEWRD ROTOR INDUCTION MACHINE

AAD DETERMINATION OF GIRQUIT CONBTANTS

2.1, L EQUIVALENT O

There are two general types 0f harsonio fislds besides the
fundamental magnetising field, namely the permsance harmonic fields
and mmf  harmonis fieslds. The gqquivalent odircuit conaists of the
following series parallel connsoted ma“ﬂ .

1. Prisaxy as stator winding resistance a,.
Prioary leaksge Peactance x, resulting from all the leakage
flw that does ot oross the sl gap.

2, Xy = Pundamsntal magmetising resotanos corresponding o the
fundamstital air gapy, flux wave of winding.

Be xz = Oecondary leakage reactance.
ne = Secondary residtance.

4 A Wagnetiaing vesotanse and secondary impedanss corresponding te
the stator psrmeance harmonic fislde at @, + 1) the barmonis

. 8
frequencies;, whare B, = """';f*-

4. 3 ' Nagmetising resctance and ssoandary impedancs corresponding
to the rotor permeance harmonic fislds at (n, ¢ 1) the harminis
frequncies where n, = B,/ P

S A Magnetising reactanse X (sb) resulting from stator dehaviowr

amf harmonic £4614 at mb th harmonis frequency in parallel
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with rotor impedanes conaisting of reactanse.
X,(ub), and resistance R (ub) /8(sd) where B5(sb) represents
dackward harmonic slip.

53 Nagnetising reaotance X (uf) , resulting resulting down

stator forward mmf harmonic fisld at af th haraonie. Frequency
1n saraliel with sotor inpedance asd Tesistence - ‘f"‘)m
S(ur) is Dermonic siip.

é There is #till snother type of harsonios wnder stator mmf
harsonics, which ia produced dus to the anuf aoross slot
openinga and thess are known as elot haxmonios. The steps
in the sutf were due to the concentration of the stator maf
atross the slot openings produwse (S<P) and (8+P) barmonis
fislés also.

7 And lastly the= thoss sjaee harmonice produced by the higher
order of time bhexmonins., The order of thespaces harmoniss
profuoed tiss harmonics will be determined by combinatioral
squaticne, but ihs effect Deing tos meager, thavefors such
harmotiics are negleoted.

2.1.1. Infugsion Nosora i Serisa

As analysised in Chapter I, thexe are varicus order and $ype
of harmonics in maf wave of a smooth rotor machine, to estadlish
sguivalent cirouit for their study, 4t will be assumed tht sash perdi~
eular set Of space harwmonics sxists in a seperate mechine and so as wary
separate sachines of the same type have 10 be interconnected as thexe
are apaos harmsnics to be gonsidered, But these machines, though
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1dentioal in struoture differ in following respect.

1 Each has a differsnt mmber of pairs of poles.
2. They sre comnected through either stator windings or sotor
windings OR both.

Hence the prodelm of space harmonios consists of the inter-
connsotion of ssveral sinilar mechines suming at the sane speed and

7

having a atﬂ.roat oumbeyr of pairs of pol.o_a.

The physical pioture presented by thg‘) as shown in ‘ng,. (2-1)
four spaoe harmonics with 7, ’ A ?3 ¢+ B, Dairs of poles respectively
axe connscted in series on stator side, and each with its own similar
virtual rotor rotatiug At the same speed v in the same direction. Kuon
derived the sguivalent oireuit for sweh cases from physioal considerstisn
of flux linkage otc. As the Fig (2~1) indicates, the stator amf is
the sun of the space haxmonic smfs connseted in seriss and Loy eech
harmonie flux linking t0 its corresponding vistusl rotor indwes har-
sonic wotor amf ocausing to circulate wotor harmonio amount as
S99 o0 4y Ay ot t0 Dalance the stator barmcnic flux,

¥hen the rotor windings 2.1.1(b) are connected in seriss
(Pig, 2-2) then the sbsolute frequenoiss fa their stator windings
are gifferent. %his case is for sub Darmonics, induned back by rotor
harmonio ourrents in stator, as &th rotor current induced by wth
stator indwes back in stator kth order with different frequency.

The physical concept prescnted by Kin has been utilised by
the author %o formulate the yepults so obtained. The same results have
been trisd with conventiomal flux linkage theorms for larsonice of
air gap muf. The full effest of skewing Of slote is aleo inoluded
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in analysis.

2.2 I R O 1

The phase group coil 'a’ end 'A' of stater ang rotor
respectively osn De considered equivalemt to barmonio coil connese
“tadsin series . The total flux produced by the coil dus to ourrent

is of
“ L

s Pt

Pia "% ""a&
(’1‘ * ’aa * Ot‘lﬂ’u) - (ﬂ,* ’g "N‘Og‘) "" (‘,1!#“0*’550"’ Ot'ﬁ‘g)
. 0‘;:0t‘(2"1}
e "= fn” gy Ty "(722"’22') MECILLC IR Y WY
- ‘1, ‘tlz *"Il’ ¥ sanne ‘1‘
- :1‘ ay . hems [ XX R ] (2"’2)
The equation (2+1) ia based on the sesumption that there is
s sutml ooupling between same order of stator and rotor harwonics only
2.3 y_o_m; X _EQUATION
The stator smf oguation am given by equation (f.1%)
2{0,¢) -% A, 5 oos (mp, T wt)
otator mmf 45 3 |
(0, t) = ‘g'* A, T Cos (mpo, * wt) (2-3)

Rotor s 1s
2(0 , ¢) » ‘}* A'.z Cos (upe, - vyt ) (2-8)
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From eguations (2-5) and (2-4) , the net mmf soting across
the air gap 1s the algedric sum of these two amu:lonl(w). nsgleocting
saturation hysteris and eddy ourrents, pmlttm supsrposition to be
;;)plhdo The effect of parallel leakage paths prominence only in terms
of voltage drope will De taken into account in this manner.

met (air gap) « wmf ( statoy) - maf (rotor) |

0, = 0 - (1-a)m (I£ rotor not skewsd)

o

ok - tngle of skew is defined as the differsnce in total angular

dimplacensnt in eleotrical redians between 02 and 01 at
the two ends of the rotor stack. The origin of the coordi-
nates is taken at the centre of the stack.

!i uy! -y senas (2*5)

6, =90, = o“gi - (tom) wt (2-7)

Air gop mmf in texms of stator coordinates

£ (o,¢) e I E._ 0 )
Al g z!,‘ o onhmﬂ, *ﬂ{u(n-

(1=s) j

Conaidering only slot harmonics and belt harwonics then
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Lw _

f‘(.n $) - . )_. ’3“”3.00.‘(!-01 :“”’.k% )
3 ¢
. ”,'1 D xwa Cos (pmd, + wt) (2e8)
av¥ |

The flux linkege of a single rotor coil turn is obtained by
integrating the air gap density referred to the rotor over the area spanned
by the rotor coil tum.

«l»/’ 0]’/2
% - '
\ (») “ /}3 .fw 2 f_:. £,(0 ,0) ¢ .00 (2-9)

Yhere /2 = eoil apan
Substituting the following in simplifying equation (2<9)

?'1- * Ep(n) Xa(n)

O = PO, (Breot. Skew) ) (2-10)
4 - BP0 (skew factor) (2-11)
ak(m) -
n O.kj /2 .
N 2DMg, T2 ()t (a) w2 () %e () 090' “
gle) “ w £ o 3 o
DM L (=, J’
2
- S 5 _J.(;) Cos wt (2-12)

Total flux linking phese I

1Y
‘)‘1 )s) ™ gla)* %



DAL - w :ﬂ(u) kﬁ(n) xo(in) Gos we
Nc(-) - T N, 2

" Tk T r Cos wt (2-13)
Since ¢ = .."‘.%..... ( por turn)
X
¢ = o« :"J‘ (per phase)
as
Differentiating: |
DA Se@) M) Bam) Fa) ¥ 8 (0
“G)"wpg 2VE 3 -3
+ ?ﬁz .3.‘% z (..E!i.hl P wsin (wt) (2-14)

Similarly when air gap smf i referred to rotor side using the following
gooydinate iysnaformation

o, =9, +o (2-18)

I
2 k L
and since rotor w.r. to stator is yotating at slip sjeed.
rz(u,t) -%A'. ( npd, ~ewt )

)
where 8, = olip harmanio |
o = 1ta(1) (e-16)

In corporating equation (2-15) and (2-16) 1n squation (2-5) and
(2~8) the voltage induced in the rotor oircuit turns out
1 (») * ‘”&“' L o % 2 (h) X (-,)au[(- wt))

' ”’“ Illll 5 (1) Cingn) So(m) B1n vy
o
*ew (3"’?)
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Substituting -«
Total self inductance of stator phase = I‘“
Total self industance of rotor phase = I”

and N, or ‘2‘ is the mutual induotence

:m LY. RPN
11(‘) ” 80 ‘ 1 n
Lyotm) = £ p /2 lzng (:!g___)g

| 2
_"12(:) N EEKin Non Ko
p

)
STAEER & ',"'a""“h ¥2 %y B2 ¥ern Xezm Non

(2-18)

(2-19)

(2~20)

{2=-21)

(2-22)

Equations (2+18) through (2-22) in equation (2-19) ane (2-17)

l.’( ) = w8in (wt) =~ "2‘! () Yom I, = Iﬂiﬁ(ﬂ)x‘ el h‘"(l)

%) " L Giji (ws) T 522(!)12I - Sin (;t) I‘ t Lﬂﬂ(l) (2-2%)

Q.4 Y WIT™ O ¢

T™he well known coupled olrcuit sguations are, for the diffe-

rentisl cqmtton form

I‘" dt "'"‘:"L "9
..x. -i.«pl__h.. - ¥

22 at

(2~23)



As far a.0. steady astate fom

CRNES AL (2~24)

WEL - gwi X, =X | (2-23)
Equations (2—22) and (2+25) does not take into ascount the vol tage
drop dus to ohmic resistance of stator and rotor,

b ¢ 4 r = Stator resiatanoe.

Tom * HEarmonic motor reaistance.

The rotor resistamce You will vary as per higher harmonics,
skin effeots prodomingtes ea considered further in this obapter.
If 4rops are taken into aceount, the equations for applied
voltage 11 beconms ‘
V1 % (a) + stator drop.

Vo = Lpy vl Dy mdwm - M I, (2-26)

E BV SR ELD WL PTS I TY (a-e7)
v, 5o, K

As the whole mef of rotor is oonsumed in eirulating ourrent I,

therefore X is sero.

0o . —Raim . Poa(m) T2m) * I M) (2-28)

™
Modigying (2+26) ana (2-27) with (2-1) ema (2-2)

*

Y, =Irx +I, Sy vy (X = 3y(n) ) 3w, (2-a9)
0~y Teiw s Tt g (R @)

Bquations (2-29) and (2-30) gives thw conventional general



Chap. II 29.

eirouit (Fig. 2-6). This presents equivalent oireuit for harmoniss
indueed in yotor by non-einwsiodal winding distridbution and 4w to
the presence of slots on potor and stator surfaces. This does not
soocomt the harmonics produced by rotor ourrents which are twrmed as
'sub-harmonics’ . |

2.5 HARMON)O SLIP

25014 K

Rotor per unit speed 1o w» g
. “(’/‘ >"" ("".) 3 (’ )
+ » Harmonin slip i» .‘ - /a = Jell T8 ,

\ (for forward rotations)

= 1 + n(1=s) (for backward rotations)

2.%.2. B8) of R

1. Yor example, considering kth forward rotor harmonic due to the
rotor current induced by the mth backward stator harmonic field, the
speed with prespect to the stator fa of thie mth harmonic etator field
s = «1/ma  and its speed with yespect to the rotor is |

=12 = (1m0) =t [ w1} ]
The spesd of the kth forward rotor harsonic of this fisld with
reapeot to the rotor is

- 4
- [: s« (mey)
and the speed of mk th harmonic with respect to the stator is

& [=-w] com e g laenoma ] 5

-
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at aw 1 Bpeed of 210ld im = 'ixl giving harsonie slip

oy = V=8 (x1) (1~e)

This per umit speed appears as the denomine .or of the stator
resistance term in the kth forward £ield ciroust of the mth backward
stator DBarmonio field in Pig. (2+7).

(11) The case (1) has been considered for particular set of harmoniss

Taking m and k as general order of any direction of rotation. then
+ +

W ' _a(x - 1) (1~ 8) (2-32)
*

2«8, BRQUIVALENT CIRCUIT OF PERMEANCE HARMONICS

Aw ihcmn& mder Chapter I, effect of slot openings ia
to introduce permeance travelling wawes of order

v, %— +m in case of stater

& i'gg*n in ease of Rotor

As they ars produced by stator and rotor harsonis including
fundanental ourrents, such permeance fluxes have the same frequency
as ths mmf profuoing them when viewsd from the stator side. Hence,
the effect of the slot openings is t0 introduce a doudle set of induetors
in series with stator as rotor 4inductor respectively as the case may be.

2.6.1 Ziat _Oonsidering Rotor Fermeange Wevsy

Alger puts them in equivalent form like MMg. (2-7).
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2.6,2. Equivalent Oireuit for Stator Perwesnce Yaves

If exoiting fisld is from atator of mth oxder then frequenoy
of stator permeanse travelling waves would de same as of aih harmonie,
They are injluded im oircuit as shown dy Auor(") (Fig. 2.8) where p
atands for order Of permeance wave produced by mth maf wave p includes
e2feot of both stator snd rotor elot opmings, for clarity sake only,
general tu‘n,}omﬂmmm ars shoan over the diagram.

2.7 MINATION OF CXHOUIL

2eTe16 ¥

Conventiorally the leakage seactance takes into ascount of
1.  Primary alot leaksge.
24 Coil end leaksge.
%,  3ig Zag and phase belt leakags.
4, Bkew leakage flux.

The aig sag rezotance inoludes the magnetising resctances
of all amfs. Since scme Of the mmf harmonics are to be considered
seperately in the harmonic eirauit, the magnetising resstances of these
harmonics would mot be inoluded in the primary (stator) leakage. %o
facilitate calculations, the coil end leakage remctance will be aseumed
10 aontridute equally to the primary and ssoondary sides.

Total prizary leakage yesctence is

X
3 =ty ¢ [34 -3 |t t @)

¥here
» Primary or stator leskage Tresctance.

= PFrisary sig ssg leakage TIesotanve.

!“

xl'
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xh = Magnetising reactance of harmonioss.
xo = o4l and leakags reactance.
x“ = Bkow resstance.
The secondaxry leakage resstanse for the fundamental is
b 4
- A -
X, "X *Xp * 3 + Xy (2-34a)
where
x.a « Secondary slot leakage remotance of secondary.
lﬂ = Necondary Harwonieo leakage veactance.

and for ath harmonie

Lw) “Fem * Tem *Xd @ (2-340)
There is no practically coil end leakege resctance. IJor
higher harmonics only sig sag lamkage resctance predominates.

8ot Isakaxe Regctanse

As well t a LB 2
ialin 2 Ohw / Prase (2-38)

X

o *

8 1107 0
6em ¥ (k. )WL
b ) 1. P

ze
Shere £ = 2aumber of comduwtors in series par phase.

Oma/Phase (2-36)

8 = Kuber of stator aslots.

L

= permsance constant of alot.

3]
1‘. = effective alir gap length.
) A =« Jawe length in inches.
| = Number of twxms per phass.

D = Bors diamster in inches.
wm; = Paion . nE of Pheses
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other of Adams , oonsiders Lirst time eorreotly the atr &ap leakage
i.0. harmonic fluxes as souwrce ¢f leaksge. Alger treats it as twe
seperate (nig sag and delt) leakeges. This segregation makes Atan's(®")
theory in applicable to harmonies . JNove over this theory does not
consider any damping By squirrel ocage winding in the rotor of stator
fluxes. Nurther no dus comsiderstion is given for slots. The influense
of slote is two 014 as slready discussed in Chapter I,
Blot Openings may considerably decreass or inoresss the amplitude of
PeImasnce Waves. |

Here me rosults are reproduwed of the analysis presented Wy
Liwsohits - Oarik. Thess results are dealt in detail under Appendix II,

omo (..:;:.!L)]R -1 } Yum) (240

The ekin sffect faotor for leainge reavtance of slots is to
be considered. The slot leakage position is consideradly affected by
high frequencies as shown by ourve (Fig. II-2) of Appendix II. The
skin effeat fastor for reactances is given by

& (2-41)

Im) =

for = = forward use negative aign.
» - backward use positive sign.

Therefore total leakage swastance for mth phase bharmonis by
substituting 235 w0 2-41 1n (2-34d)

X, 2| x, G - 2 wp”
xﬂ(ﬂ) b (‘T“—-} [j--%—,!—- - L(_____________ )30 _,i___
-

. -*}&—3,—-

(2~42)
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3.7.2. Prisary and Sesondaxy Isskage Resstances of Slot Harmoniss

The differential leakyge resctance for slot harmonics is

substituting in 2+40,

‘-.. - (u‘ :"

(18 412 =t
4“ *1 a— - ad
x.z(..) { L ® »e " 1| ™

socs(2v43)

The other leakmge componants would bs the ssme a¢ given by

(2-42) |
2.7+3. ZPrimaxy and Gscondary Isakage Resotance for Permeance Hermonies

On the similar 1incs as squation (2«40); & mathematioal
form for the differential resctance ean be got for permeance.
Harwonios. 3ince as pointed ous sarlier too, permsance harmonic mmfs
are of very low order. 8o total leakage vesotance ocan be taken with
siffucient acoursey cqual t0 alg seg reactance, Decause as sguation
240 indicates, sig sag rerctance Iinorease with inoreased order of
-harmonics .

Friting
- R, = order of permeance harmonic.

i@-— : (2-44)

n, = ( vzc%-—- + ) (2-45)
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. 247.4. Magneising Fegotance of Fhage Belt Nazmonice
¥rom squation ﬁ}-ﬂ), i&ai and ourrent transformation
) Jo (Sm 3 (2-48)
o2 Xt

Yhen x," © = magnetising mptmc of primaxy.

2eT45¢

it (ns) -

As the winding dutﬂhnt!.on for slot harmonic is the sams
as of fundammntal so factor ( & R does not sppear for slot

Prom squation 1=9, 1«10 4% is ssen that factor k‘, ’ k9 affeeta
the permesnce maf and since k, ’ '2 are function of alot opsunings and
air gap o thusfd slot openings have a twbdulant effect ever permeanse
Barmonio magnets motive foros., It 1s directly reduced in proportionmal
to factor K(R)

wheye E o

eessos(2-48)

( arrived on the assumption that permsance is sinusiodal over the slot)

/3 VL
x g0 1-/3/2

(2-49)



Vhere /3, Dowble amplitude war ARG te_oh Asdon (2-50)

If exoiting harmonic for mpth peresance wave is mth
v, R
phase harsonic whers wp = (__%_,_ g »)

then Xy, - rll-':!if;!l . (2-51)

av, ('-;-*- t =)
(torwtoz:mm:)

Ky X ¥im)
s Xy - e - ~  (tor stator persence)

3.8.1. Yor Rotor bar Renistanget
The rotor registance 4s composed et“”

Rlpg = Bobar + Ry sng) (efgective)

e * B Fap(err.)
n'ﬂ ..'2' * —i——-— (2"”}
| 2 640" ( o o/2)
here oy, = Augle betwesn two bars By which bar cwrwents are displesed.

w?
aC., - """;"' (Rrect. degree).

RBquation (2~53) applied to main wave, Oonsidering mth the skin
effect has to be taken into account in term R” ¢« JYor mth the slot

angle becomes t-
q () - n 4!



2
. kﬂt - .|
 Bw) t 2 e (m) ¢ x
Al 2 8an° (o] ea/2)

oss(2-54)
Yor higher order of harmonics, Ring resistance does not
form eny appreciable mri of resistance in comparision with bar
resistance which incresses very fast &ue to skin sffect at high
frequenciss of bharmcuios. Merefore

Bw - %) Xw (#-63)
Vhere K,) * skin factor for mth harmonis deslt in detail in

As 1in cse of slot harmonios, the exoiting fisld is funda~
mental therefore skin factor is not important to them end slot
harmonics will experiencethe sans Tesistance as Of fundamental 1.,e,

Bme) - R |
Tp X 4N (3 Yre)” (2-56)

By Kem |
sny (e, )

= Recduotion fastoxr (R¥) (2-57)

- %, 5

Rotwp) “P2p " 2w
Yhere m is the exaiting r£isld for apth perwsance field. BSiute
larly for stator permsanss waves.

A1l the resulis, determimed umder section 2.7 and 2.8 belds
good only wimn the fundamental and haymonic flux paths are assimed
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unsaturated. This aasumpiion 1s wvalid to a greater extent as the
lesksd rotor performance curve of the machine under tess (Pig. 1-3)
indicatss. PFrom this £ig, we ocan safely assume the machine werking
in unsaturated region without any appreciable error eresping in.

m&ol OF QIRCUIT OONSTANT:
2.9.1. Bpeoifigetionss

The experimental skewsd rotor induction machine was put te

sose tests and measuremsnt to know certain relavent Satas necessery
for further analysis and caloulations.

1. Measurements ¢ Ths following figures were colleated after
careful measuresnts of the S § , 8 H.P, , 1500 RPN , rotor skewed
incustion machine.

Angle of gikew = 6* (Eleot)
Iength of Rosor = T.1 Ome.
DLength of Rotor bar = 7.3 Cme.
Dismetitak at the aiyr gap = 17.0 ame.
Length of armature = 7.5 oms.

2. Statort Fumber of slots = .48

Fumber of Foles = 4
No. of turns per rhase = 296,
Chording = full piteh coils.

Phase speed = 60° ( 4 elots)
spesd = 1500 (syneromous)

slot width =» 5.5 mm

8lot piteh = 11,1 mm.

Slot depth = 21,0 mm.

slot opening = 2.5 mm,



m,o. 11 40,

S. Rowpx: No. of slots = 68

Ring sise w 2,3 x 0.5 omes
Mean dia. of Ring » 15.8 enae.
Widsh of rotor slot w 0.65 oms.
Rotor slot opening = 1.5 mn.
Slot pitoh = 0.76% came -
209!20 Ml
() Test for Vindage ¥rietion Josns

The conventicnal method of variable voltage test and then
determining friction windsge loss by axtra plotation procsduxe.
Results are plosted in Pig. (2-¢) giving windage fyiesion lows {(wr)

- 185 watts,

(v) Masmesising remgtancer
The magnetising reactance was detemined at ratsd voltage,
machine rmming at synoronous spesd by means of sxtersal drive in
: cmﬁhtmﬂon of rotasion.
1 » 2.20 Amps ¥ = 440 Volts ¥ = 910 ¥Vatta.
xl'l"”oeoh * a‘ » 5.1 Obme 111 w 545 Olmy
X, = 3.1 Omms, (Rotor resistance yeferred to primary) R} = 1.93 Onme.

A stray load loss owxve against loas (Pige (2~/0) is drawm,
Results are obtnimd wher a reverse rotations test is pexrformed over
induction machine,
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Chap. II .

2.10. CATOULATION OF CIROUIT CONBTANTS OP ORNERAL EQUIVALENT CIRCUIP

WITH AND WITHOUT SKIN ANGLE OF THE ROTOR

2.10.7 galoulation of Conptany Pagtore:

Before golng over to asctusl caloulation of ciroult constants,
4¢ is essential to £ind out ocertain factors reguired in further ealeuls~
tions.

(a) Dinszibusion Fegtox
Nife) * X%(n) (as cotls are full pitohes)

Bin 3 o
@) = ——E C (2-58)

R
& Bin e

Yhere £ = no, of slots per pole par phase = &,
o= = @oil span angle = §0°
Results sye tabulated in Tabdle 2,1

Zable 201 A«

» t 5 7 19 13 17 19 23 2% 2 3% 3 9

ﬁ‘"‘ «358 208 L157 126 126 157 205 958 995 205 5T 126 126

Tadle 2.1 B,

2R AN 43 4T 49 53 5% B9 &1 65 & T T3 T

X tm o157 205 955 955 205 J157 126 L1926 5T 208 L9595 4955 208

(v) Ssator slot permeance faator

From well known relation

P‘--hti—wﬁ 0‘4
s wm watwo
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’. = 0,85 can '51 » 16.0 mn, 5-2-0‘ ™ h, w 2,0 mn

h, = 1, 0mm w =5m;, w =2,.6 W

4 . ]
.. . " - 2,2
(c) Ssatox slot opening faotorss

Pig. (2-16) shows the Aip caused in the flux density curve due to the

pxinnco of slot opening w,

mtr =P [1 + K, Cos (8 x)] veevsnsne (2-59)
- el
» g~

Bquation 13 sy

P = K+ -y Cosn 50 + E’%* Cos 280 ¢ wuesere
1 1S

Considering only st and 2nd oxder of permeance wave.

¢ 4
1" « permesnce with smooth surfsces.
P s " Effective permsance with effective air gap length.
? « X = constant permeance.
o
P. # half amplitude of fst order permwance wave = -*é“—
1
The maximwm value which the stepped pexmeance can take is P‘
? ‘
o.a 9‘ -P + "":"' +* Y.
. -
. B ’o - F‘ bd ‘05 P. [ EX YN EY ] (2"‘0)

Taking sams & vwvalue

’(W) - !o(’.) + i" Cos 0(‘..% * l’./? "« Cow Hiﬂ(m)

P
» - P > el o L
& o A 2@)F

r" - r‘ -~ 044 P . (2-61)
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1

Taking permsance P ol

air gap lergth
A= Censt
P w =R w285a4 3 e 0,04 om.
[ ‘1‘ ‘ [ 4

and y" (1a8) ™ 1/1'. whan 1" « Effective aixr gap with
Carter Ooeffioisnt.
L] ‘l.99 ‘w

| . 1" - -0‘5 L} I
Prom (2-61) 2 - 0.9

o».. Po - 1"”

s P # 1.1%5 + 0,91 Cos 88 + 0.45% Cos 25 0
from equation (%=59) . '

-;:1- - 0.889 : (2.62)
(Yor stator) |
Similarly finding factor K,  for Hotor taking effective air
gap length 1“‘ = 0,424 umse '
After using Carter's coeffioient for rotor slots.

the permsance equation with rotor slotted and statory smooih

hecones:

P, = 2.023¢0,518 Oos R(8 = w,.) + 0.159 Cos 2R(0-w,, )

R ‘u _...Qal!.&.. = 0.1%6 (2.6%)
2.02%
Comparing thess results with those computec by Rodinson in the form

of curves

In our cave  , width of glot 5 =» 0.5 em. (stetor)
K= 0.85 om.

a/)=w 0,59

1‘ = 0,08 oms.

m‘ = 9/.04 = 12,5
From Pige (1-4) Mean flux density = 0.49
Proa H‘. (I-’) Y = &1 = 0.9
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Por Botor slot width = 0.2 oms.
| = 0465 cme.

~

o/ =031 and o/l = 5.0 from Fig. I-3) "‘nz“’"

The valuwes of theae factors n, and nz are gonoiding too a fair
lur,u' |
(4) Skew legkage flux and Bksw Fagtox:

Desiguers have long mecognised that the space fundamental air
op flux variss with nxial position becaves of the skewing the rotor
slots with respect to stator slots, here an gquntitative dats are pre-
sented to demonstrate its effent, showing how mush this flux may waxy.
It iz dmportant that variation in flux is takent into goccount to know
the exact performance of induction machine. As Pig. (2-1Z) shows the

skew flux path, though it crosses air gap, but it does not produce avy
useful torque, the akew fiux siaply adde to the leakage (equ. 2-33).

The ekew flux ia produoed by uneguality of ngto‘nr and potor mmf
brovght in by skewing of yotors bars.

Fig. (213) ahows the stator bore surfece and the rotor outside
surface developed into the plane of the japer. The figure shows the
stator - rotor and resultant suf's at the ends of the stack, In the
sentre (y = 0 ) the resultant mmf is sero. Considering only fundamental.

If o~ = Total clectrioal skew angle (See Pig. 2.17)= <
Emf induced in skewed bar

Raf induced in straight bar.

Skew faotor -

K' - “"‘is— (2-65)

The slement of voltage induned in e :hort(” length of the
oondur tor at wint; is L;“- L% ,where X 1a the total voltage
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induced in a straight conductor. Ihs net voltage acrozs the bar is the
sum of the projections of the slemntary voltages on the mid point walwe

or o 2E8in o /2
( - Z. -
: - Eowx-F) & .
2 8in o /R
o.o K - ) g
. o

Sinilarly for mth harmonic

2 8in o /2

L) ‘,, (2-66)

Skew factor for harmonics are tabulated in Table 9«10 with o = 6p°

(me0t)
Table 2,10 BARMONIO SKBM PACTORS

- t S T 1% 135 17 19 g% 2 29 N
K (a) 99 987 (38 (546 925 BT .83 JT9 T4 657 .616
» ¥ 37 41 43 4T 49 53 55 59 61 6P
K (m) 52T o482 1391 o346 256 212 o129 09 JO1T 06 076

Tadle (2.2) mammxm REACTAKCE OF PHASE BELT HARMONIOS

WITH AND ITHOUY SKEN

::l(l.) 138.0 0.256 JOTT 02 0144 <0132 L0176 261 221 LOOT6

n n ~35 37T «41 43 -7 T ™ -85 97

x.(.) «004 <002 002 008 0034 «062% L0274 ,0258 .08 .0146
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Table 2.3 NAGERTISING REACTANCE OF SLOT HARMONICS WITH AND

RITHOUT SKBW

n -23 a3 -~47 49 N 73 ~9% n

Ye(ms) 26 221 L0625 JOSTS L0274 L0256 L0133 L0147
(ohms)

Table 2.4 MAGNETISING REACTARGE OF PERMEANCE HARMONICS WITH AND WITHOUZ

sKae
% (Y EB,qa) Xe(p) Pyrection of Hotatien.
Stator 23 2.67 Backward
x' = 1358 1 25 2.46 Forsurd
Ohme . - 47 1.50 Backward
49 1.25 Yoyward
n vy 3’. t a) Xu(p) Direotion of Rotation.
55 -3 ) w
Rotor 33 326 Bgokward
X = 138 ! 69 T8 Yorward
Ohma o '

67 «08 Backward




chlp- II 47.

Table 2.5 LRAKAGE REACTANCE OF FHASE BXLT NARMONICS

with skew without skew

| X I(m) Yu(m) r{,_‘ AL xg_”i“ N ‘h
1 998 «89% 1358 2e46) 392121 |54 244 [ 392 | 2.8
S 907 « 360 256 1.02] TV [.005].085 045 |.018 | 054
¥ 4 98 3% SOTT 1s04] 4565 .001] « 044 <028 | 4012 058
" 948 258 02 +T84] 685 | .00} .O26 012 | ,008 | O2
13 925 . « 258 014 825 75 {4001].028 [.0123] .009 | 022
17 A73 21 #0132 7551 1.91[.002] 051 [.O16 | .02 «0359
19 B545 21 +O1T6  BO5{1.34],003] 19 031 | .039 | JO7
25 75 «186 261 +B84512,361.050]15.2% 31 1.37 | 1.688
25 T4 +188 221 93 [3.TR].058/4.T0 |51 [1.97 | 2.48
29 657 163 . 007 1.1 [13,0{.002!.692 [.02 |.278 | .290
n 618 163 «O04 1.17140,51.001]1.13 [012 | .42 43
35 527 149 <002  1.48{5550(.,0% [1.97 [.O71 [1.88 | 1.887
b1} «-482 « 149 OOIT  1.TB{TIO {.032{12.5 [JOUT | 248 | 285
n S + 138 w02 2.46]2%6 [.08551T7.08 «01 +0B6 «096
43 «346 +138 «0034 3.13/246 11.85 LOIT {.096 | .114
47 «256 129 0625 5.4 (334 559.4 [J352 11.27 | 1.62
49 212 «129 <0575 7.8 {470 4TT.8 [352 [1.18 1.5

Table 2.6 SIO0? HARMONIC LEAKAGE REACTANCE WITH AND WITHOUT

SKEN FACTOR
(me) X2 (na)
with akew without skew

a3 1.38 4460
a3 1.950 1.97
47 136 Te32
49 1.16 t.11
KA 15.% 1%.2

73 .74 5.6
3 3.40 5,20
97 10.28 10,1
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fadble 2.7 PERMEANCE BARMONIC LGAKAGE REACTANCE WITH AND

WITHOUT SKEN PFACTOR

B
n Xe(m) Vig = m !ma('t%t-)p' X |
2 (mp)
R
Stator as 0.7% 1.30
m"‘ ‘” 25 0‘537 1'97
mantal .
47 0.87% 1.27
49 | 814 1.4
. : R ta)pw
v E 2 ('1 P - P
- Xu(n) - " X2 (up)
35 0.99 2.28
Rotox
hnda- 138 3, .88 2.65
nental
69 0.154 15,5
67 0.415. 5.28
Table 2.8 ROTOR RESISTANCE OP SIOT HARMONICS WITE AND
‘¥ WITHOUT SEEN
= 3 25 47 49 ™ I} 9 97

obme

E OF PERWG
®p with skew without skew W By
Stator 23 1.93 1.91 24~279
2% 1.93 1.91 25824
47 1.93 1.91 48-4Ts
49 1.93 191 490~48
Rotor ) X ‘ 0.072 0.072 34~330

35 033 033 ’ 3Se-34
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Table 2.10 ROTOR RESISTANCE OF FHASE BRLY RARMONIOS WIYH AND
WITHOUT ROTOR SKEWRD
n | o Qﬂhad’z ./g lgm K l&(‘) m-’
an [ of rota~
(aeg.) with | without | =, tisa.
S hae ohme

1 10.6 o117 1.025 «998 . 193 1491 ] *
s 53 O30T 2,523 981 .64 60 6% o~
T TA2 0169 2,523 .98 A4 45 T ¢
1M 116.6 0085  3.56 945 584 518 12-118 -
13 131.8 L0062  3.56 925 565 (51 13e-12 +
17 181 0064 435 - 873 0.8 2 18178 -
19 202 J00B35  4.35 o84S 1.2 0.99 190=18 +
23 244 0085  5.08 . JTT 7.26 6.0 240238
2% 266 O18 5.0 T4 7.60 5.8 28824 +
29 308 L0318  5.61 5T  2.04 1,0 30208 w
31 330 0915 861 0616 148D 0.65 < S1a-30 +
35 372 56 6,15  0.527 1.87 0464 $6-358 =
37 394 OTIT 6415 482  1.89 0.50 3Te=36 +
‘1. 416 -m 6.65 391 S8 | 0,50 42418 =~
43 45T 0103 6.6 346 4.6 0.58 Ada-42
47 500 L0083 T.4 2% 31.0 2.0 BedTs =
49. S L0063 ¢ T4 212 37.4 2.0 49848 +
53 564 L0064 7.55 129  13.9 0.20 54-538 -
55 385 0012 7455 0.09 15,25 0.3 85884 +
89 626 O15  T.92  0.0169 21, 018 60=508 ~
61 648 OB 7492 L0164 21,7 020 61a-60 +

6.0 +09185 8.24 N/ 20,0 12 66658 =

65
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CHAPIER IIJ

COMPUTATION OF ABYNCHRONOUS PARABITIO TORQUES OF INDUCTION MACKINE wITH
ROTOR BSKEWED AND mm;n

The term parmsitic torguess includes all those torques prodused
by maf wave except thet Of fundamental . As investigated (Chapter I)
superimposed upon the ourrents due to the fundamental sine wave field
of an induwotion machine, there are smaller harmonic currents produced

by the myriad of harmonic fields.

In the induwetion motoyr, the rotor is not connsoted to the
line. 7The main smf wave (fumdmmental) o0f the stator produces mn
sl waves thnmwhﬁhmm:mmw poles an the
stator wave and which is at stand atill with respect to the stator
wave at any speed of the yotor and so also the other harmonics.
Fmdanenital preduces the useful torgqus of the aschine whereas the
terque produced of this kind by haymonios is called Asynoromous Parasitie

toTQUes.

In addition to asynoromous torgue, there are other torques too,
0.8 Bynmoronous torques and¢ stray torgues which will de discussed

mdier seperate heads.

As the harmonic fislds bave more poles, thexefore sayneronous
Sorques osour at sub-aynoronous spesd. As the motor accelemties through
the syneronous spesd of one of thess harmonic fislds the harmonic torque
reverses cawing a 4ip in the resultant torque ~s;eed curve. Unless mimie
mised by 004 design, the comsequent asynoromcus crawnling mey seriously
impair the motor's starting ability. As discussed further in detail,
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the skew reduces the ssyncronous torque to some extent.

As discussed wder Chapter II, the harmonic fislds are equi-
valent to low-power motors connected to the same shaft and electrically
connected in series (Pig. 2-15); The saynoronous torques inorease the
notor heating too much. Theoretical approech to the prodblea is directed
here and then based upon these conventional results, extensive caloula~

tion has been undertaken to wverify the results.

%.1. PRODUCTION OF ASYNCRONOUS TORQUE

The stator mmf equation from (1-11)1

f.(ﬁ.t) -7 Cos (mp8 + wt) R ooeae(Bet)

tr(a.t) -7 : Cos [1(1+ ‘")“-B)B“ + npd ] (3-2)

Fower developed in aiy gap is =< B {vy Eelvin's law)
»y = & z(0,¢) x2 (0,t)

d 2n ‘
Py [P‘ d0 = / El‘mt Cos (mp® + wt) )"t‘: Cos ( apd &1+ (nem)
0
| o | (18) wt)
“’JA%C 5: Q(Z’S/Taq/)f' .y -(503)
Pd =0 It my¥ n
Pd = definite value If m =n

Equation 3.3, refleots that torque can be prodused by barmonics
of the sam order existing seperately in stator and rotor respectively

There is no torque possible between two harmonios of unequal order.

R
Since n = Totor barmonic oxder. = + v, S ¢ voee(B=d)
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Equntion S«4 (dsternined under Chapter 1) gived rise to
two cases vis:
Cape 1 3 ¥hen Y5 -0
thean nen 1,8 eovery stator harsonic induses in rotor cirsuit the
equal order of ml;l rotating in the same direction. The torque
produoed by loeking of such two harmonics is named as Asyncronous

torques.

Case 2 1 Wnenv, = K, (any intsger exoluding sero)

than o « 2 '3'% * =, (5-5)

L

Thus thers is torque when n 4is given by (%.5) locks with
stator harsonis m, . The torgme of this kind as alresdy stated ia
sarked as ‘sgynoronous torque and will be dealt with fully fn next

Chapter.

Taking up Case 1 when n = m substituting it in equation 3.1
and 3.2, Fower developed s

B, oL ¥, P Coa’ (08 3+ wt) (3.6)

é

Equation 3.6 shows, Aayneronous torque thus produced by first
order stator and first order (v, = 0 ) rotor harmonics is independent
of slip. It will be thure at every speed of the motor. Yhe natwre of
Hmto Asyneronous torques is apjryoximately the same as of fundamental
torque / speed ourve.

The harmonis (squation 2-31) o 1s ¢

o, = 12 n (1)
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'lhil Parsonis slip becomcs Y0
1+ m(1es) =0
- ¥ 0B

} §
then Slip = 1+ /@ = --"-r—'- - en—i—-
°

e B - + l_( 1/n) ' (s.1)

1.0, barmonic slip is serc when rotor attains 1/m th of synocronous thea
torque produced by harwonic 'a' becomer mero and for apeed gmsater than
1/a the torque reverses ite dirwction (See Fig. 3-1) .

3.2, MAGNITUIRS OF HARMONIC ASYNORONOUS TORQUES

The gensral equivalent circuit for tiw squirrel cage indwtion
maching dealt under Chapter II , in author's wview will be the correct
approach to the determination of complex phenomena of torque developed
by individual harmonics in asrtain apsed rangs. Adman Osokl''?

simplifies the general squivalent oirouit like Fig. (3-2)
o

Y -;(8 s X oo ¥e — V¥ :
1 'y Wy 1 O W n (3.8)
mr
The tnﬁq\a «mmnu
r (% '1;)
*a) " -
Yeu

When
- = Angulay velooity Of the mth harmonic.

-
=y $Tue (Rpfy  * 3%y, )
v, - '

n !
oo (% 5y)

Ho assumes I, (ewrrent) to be constant, and then by finding the looue

(3.9)

diagran of the voltage, torque at different speed is &eterminsd. In

author's view it is over sisplifisation of the equation (3.9) since eurrent
;‘ varies with rotor speed too much as ¢lear fyom oircle locus of the
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Yhén harmonis slip beocmes w0

1+ n(1eg) =0

| , X 5 |
then 8lip = 1+ /2 = -—.-T-—a—- - {1~ +
. [
o B e 3 x(1/a) ‘ (s.7)

1.0y harmonie slip 1s gero when rotor attains 1/m th of syncronous thea
torque produced by harwmonic 'm' becomes mero and f£or apeed gweater than
1/m  the torque reverses its diyection (Ses Pig. 3-1) ,

3,2, MAGNITUDES OF HARMONIG ASYNOROMOUS TORQUES

The gensral equivalent oircuit for the squirrel oage induotion
machine dealt under Chapter II , in author's view will be ths correct
approach to the determination of complex phenomena of torque developed
by individual bermonics in gertain speed rnge. Adman Odox''')

simplifies the general equivalent cirouit like Pig. (3-2)
®

Y, = 1 (B, + X, ¢+ ¥ 0o ~ ¥ :
1 e Wy 1 2 W 1 (3.8)
nr

rhntohqm.tmn&mgnu
- X 7 ')
5 1 1
=
w

Tw)

When
L = Angulay ¥elocity of the mth harmonic,

31..(8,.(-_ *3x,.)

-1 _ (3.9)

n
By (ng o)

He aswumes X, (eurrent) to be constant, and then by finding the loous

diagrean of the veltage, torque at 4ifferent speed is determined. In

< §

author's view it ia over sisplification of the equation (3.9) since eurrent
I, Yaries with rotor speed t00 muoh as 0lear fyom oirele locus of tha



o
Ny
(i) ‘bo,\o“-
(5th)
MOTORING |
-y~
BREAKING
-NS -NS © NS NS
. 5 o
>=2 SLIP
FIGURE 3.1
—=O——NW- o
Ve X,
Vi
j
V;m
i
}sz
S a
FIGURE 3.2
o Lim )
Iz‘m
. / R\
X -
} M 3 Sm
éxz‘m\)
%

FIGURE 3.3




induotion machine. Therwfore the author takes the more compliceted dut
more dependable way of finding the harawnic Asyncronous torque. The

method of atteck can be out lined as:

1. Solution ef the Genersl squivalent ciroudt for different slipe.
2. Then weing the currents &0 gomputed for aifferent alips to get |
harsonic torques.
The torqus of the main wave is 1

12

1 s

3
(Referred to privary ) T, = I3 ;2 watte (3.10)
The squirrel csge rotor does not Aistinguish betwesn the main
wave and the harmonios therefore (3-10) must also apply to the harmonie

torques, substituting harmonic values

12 R
a. .
Ta) * watts (3.11)
» ™
a | .
Vhers all the secondary wvalues subsoripted with dash and for per bar.
1s :
I1 - Primayy current referrsd to segondary per dar.

I! « Bar ourrent (mecondary)

an
Then from Fig. (3.5)

Ié(') [ ak +d 15(.)]- [I;. - rﬂ(l) 3 I‘l(n)] - 0

)

Tam) * | (3.12)
M(m)

(e 715y ) =3 (-‘-f:-o-) /X

»
Bt 1 e h'_ 1 fom ) 1,
RE

(3.13)
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and reduwtion facter for impedance from per dar o 'total secondary

reforred to Primary’ valwe u(”
P . by O, :“-)2 with respect to any wave(ml
R Kom  (3u)

Bubstituting (3-12) in equation (3.11), gnda (3.13)

2
Mo M T TRy, T e ()

343, QUr SLIP AND OUT_TORGUE B

1, is complicated function of barmonicd edip (w ) , but since:
the parasitie torgues ocour £ high u;a.pn and at high slips priscexy
current ean be assumed eon-tant(” to a fair degres of acourmey. In
order o find maximum torque (pull out torque) of mth wave, differenti
ate egwtion (3.15) taking I, oonstant., Then

'n P.0. nﬂ!l (3.16)
(14 Ton ) Zyga)

and maximum asynchyronous torquet

Ta(max) * Ta(a) xf watts per phese (3.17)
m(max (1 Tg.)

Pull out slip defined in terms of fundamental slip 4s
(m=1) (1 T, Tu@) * Ryg)

2(* Ton! Be(u)

(3.18)

®pe0.(m)

Teglosting By(,)

%0 (m) 2 (1~ 1/m) | (3.19)
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Seds

The gene:al equivalent odvoult of Pig. (2=14) anc (2-18)
is solved for differeni values of elip in the range of slip sero to slip wo
(motorin; and braking regions). The calculated results with ,artial
cawloulations are included in Table (3.1) to Tadle (3.2). Galoulated
results are plotted in Figure {3.5) owve 2 , Piz. 3.4 owve 2.
Curves are found taking into account the skew , and anotimr cot
eorsidering rotor unskewed. |

TRLAITIARIOT O HAXEOAIC

3.5

Caloulation for relevant harmonios, vhioh are likely to
aff.ot the Jerformance corsiderably are caloulated with the equations
dealt 3.1. throuth 3.19 « The osloulatod resulis 8o obtained are
plotted an graph and partial cdmulations oarried out are tabulated.
Curves of allp, speed, power faotor, ourrent developed torques
arc given in Fig. %e4 t0 Pig. .10 and Tabulation of Tadle (3.3) to
Toble (5.6) chows the resulss of barmonic torques » Pull out torque and
pull out elip for harmonios.
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SOLUTION o

811ip X+X 1 Con O
0.08 39.65

+ 317,07 5.8024 91
0.10 23.27 + § 10,24  9.98 91
0.15 17,51 +38.9 13.04 .88
0.2 14.28 +§8.43 15.31 0486
0.25 12,45 +38.2 17.02 0.83
0.3 11,22 +38.1 18.3 0.81
0.35 10,35 +38.03 19.3 0.79
0.4 9.69 +3 749 20.2 0.77
0ud5 9,18 +3 7.5 20,87 0.75
X B8.78 43 7.9 21.8 0.74
0.55 845 +] 7.95 2189 0.72
046 8417 +3 7.9 22.2 071
0.65 7.9 3 7.9 22.59 0.70
0.7 774 +3 7.9 22.8 0.69
0.75 7.57 + 37,9 23,29 0.68
0.8 7443 + 3749 23.45 0468
0.85 7429 ¢ § 7.9 23,45 .67
0.9 7.18 +§ 8.0 23.58 0.66
0.95 7.08 + § 8,07 23.64 0466
1.0 7.0 +38.0 23.7 0,65

Contd..
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8lip X oY I Cos O

1.05 §.866 +3 B.1 23.89 g1
1.1 6.73 +3 8.0 24.12 64
115 6.64 +3 8.0 24.29 0.63
1.25 6.46 +3804 24.6 62
1.5 6.38 +) 840 24.7% 62
1.35 631 +5 6.0 24.9 61
1.4 6.25 ¢ § 7.5 25.0 61
1.45 619 + 3 749 25.2 «61
1.5 6.4 + § 7.9 25.3 61
1.55 6.1+ 3 7.9 2%.39 61
1.6 6.0+ 5T 25449 o6
1.65 6.03+ § 7.8 25.57 60
1.7 6.0 +J7.8 25.6%5 +6
1.75 9.9+ 3 7.8 25.7 5
1.8 S8 + § 7.8% 25.78 6
1.85 5.9+ 378 25 .84 5
1.9 5.9+ 378 25.89 o
1.95 5.8+ 5 78 25.94 6
2.0 5.8 + 3 7.8 25.99 59

& e e "
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Table 3.3 HARMONIC ASYR. TORQUES (ROTOR SKEWED)
S1ip | 5th 7¢h | 11th | 13tk 17th 5.3;‘: gzgi 3:: .lzzth
0.0 ‘=.17 - - - - - - -2 -
Oel  =6.75 =2.42 =.2 - -.14 - - v .56 -24
0.2 =148 =5.% -1.3 - -.3 - - -9 -4
0.3 ~22.2 =8.0 ~1.4 - -old - - ~1.3 -5
0.4 =305  ~9.6 2.0 =T -.55 - -4 -1.8 -
0.5 =38.5 =10.1  «1.7 - -6.1 - ~2.2 -
0.6 =-43.6  ~9.0 186 =7 ~.80 2 =B ~3.1 “1.0
0.7 =48.0 6.5 1.4 - - -3 - “4.3 1.5
0.8  +54.0 =1.,0 “1.0 =3 -.5 «3.75 1.75 -7.0 ~2.4
0.9 <515  =u5 -5 - - “5.1 2.6 ~11.3 ~5.6
1.0 -45.0 T.95 .3 .2 o1 4.4 +2.5  +11.9 +61
1.1 =28.4  10.5 - - - 5.5 2.2 7.2 2.9
1.2 O 13.4 - T3 R 5.5 1.4 4.9 1.8
1.3 29.4 14.4 .53 - 86 4.0 - 3.6 1.3
1.4 48,5 15.0 1.0 - 65 - .8 5.2 1.0
1.5 59.0 14.8 1.4 - - - - 2.5 .9
1.6 67.4 15.2 173 1.37 .9 - .6 2.1 .8
1.7  61.5 14.6 2.1 - - - - 1.8 .6
1.8 58.0 14.0 2.2 - .9 - 5 1.6 .6
1.9 53.8 13.5 2.4 - - - - 1.4 .5
2.0 50.0 12.7 3.0 1.64 .85 A3 L35 1.3 .5
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fable 3.4, NARMONIC ASYN, TORQUES WITHOUT SKEW
| Mmd. | sen | 7en |oanen |2 2R ) 250 o :::::. “‘:g:-
b 1996.7  *2.23 =84 =17 =13 0.0 0.0 0.0  1195.0 «5.7
1818.6 6.6 =247 =d9 b w2 =2 0.0 1808  =10.6
2164,2 =168 6,0 ~1,13 «1.0 =5 -y -2 2143 «21.0
2075.5  «26.0 8.6 =1.5 w17 w8 «1.0  w=b 2030 =455
1890.0  =34,2 10,2 =1,T8 ~2s4 ~1.1 wted -5 1839 61,0
1702 816 =106 =1.84 =3.1 «1,8 1.8 w7 1641 «61.0
1532 8.5 9.5 =17 =40 2.1 =23  ~1.0 1464 68,0
1385.4 “BAS 6.8 =15 w52 2.9 =51 “1.5 1810 75,0
20 B4 AT ¢ I8 b A3 34 W 30
1042,5  «89.5 6,82 w6  «B,6 3.8  ~11.5 6.18 992  ~50.0
980 =30.0 10.8 0 7.0 4.7 =130 3.0 9712 13.0
935 0.0 13,7 0.5 9e3 3.5  =T.9 1.9 963  28.0
964.5 +33.4 15,5 1.0 T.T 2.7 =49 ted 947 63
835.5  56.4 163 1.5 6.1 22 =37 1.1 923 84
7971 67.5 165 2,0  Se1 1.8 2,96 =9 894 97
1579 70.2 1653 2.4 44 1.6 -R.47 .8 B54 97
721.7 69.6 15.8 2.7 3.7 14 =2413 47 816 95
cos 64.9 15.2 2.9 3.3 1.2 «1.89 .6 T o8
6%6 60,7 146 3.t 3.0 1.0  ~1.66 ™8 &2

5

wa
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MACHINE SITH AND ®ITHOUT ROTOR SKMWED

4e1, mhronoa Crawling ‘roﬂnnu
4.1.1, Spesd of Synchropous Cxewling Torques:

Certain squirrel eage motors are imown t0 bave a wide variation

in starting torque and have a tendency to sun at some apeed way delow

that normally expected. This is sometimes called ‘sub~synchronous’
spesd ar the motor is said 10 de oxmwling. The one type of orewling ealled
asynohronous orewling dus to harmonic locking of stator and yotor bas
besnalready dedlt under Chapter III . The other caves of orswling may

be 'synchronoue crawling' . Sometimes the motor fails t0 start and

in extreme cages ths torgue may de actumlly zinutiu at certain positions
making the motor entirely useless. This phenomena of the motor failing

to start is called by many names such ay 'dead points’ cndina snd look~
ing' . An analysis of the esuses of such dead points bebaviour will

be presentsd in next article of this Chapter.

Concentrations for the present over aynohronous torqmo(‘z).
a8 glven by equation 3.5, doth machine parts muwt have the sane number
of poles for a uniform umeful torque to be produced by the machine.
In thy synohronous machine, the stator as well as the rotor are somnese
ted t0 sowoes of currente, thersfore wmifors tiorgus is possible only
at a single aplesd of the rotor. 4 torque producsd in this menner is

ealled a synchyemous torque.
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The harmonicos produce awynohronous as well as synchronous
torques in the indwtion motor. A a nohronous torque will oeour when
stator harmonic ‘'sa’ produces a rotor harmonic m  vhish has the
same Order as another stator harmonie 'm.' linked by the eguation
(3.4)

n, = tv, (%“) .n

ang B, = m,
and which at a single rotor apeed 1ie at s<and atill with respect to

this second barsonioc Ny B is the source of excitation of the rotor,

then. onXy
'my'/ torque can be yrodused

It oan be sesn from harmonio obart (Table /) that the
TOtor harmonice which eorrespond to v, = O 1.8, the first column
of the rotor barmonice, have the same order as the Stptor harmonics
producing them. §s pointed out earlisr the torque produced by these
first oxder harmonic is asynchronowm singe the speed of the mth
stator barmonic with respect to stator ia
. —_1

a
"

’1 C“O

The spsed of the 'ma’ rotor harmonie with respect to the stator is

equation 3.2,
)
(IO [i* (ng ~my) (1«)] v (4.1)
Yhere v = fundasental spesd.

In order that Vs ma = Ve the eondition 41a

(1“ - -.) (“".) - 0 (‘mﬁ)o
and sinoe n, =& (first order harmonic), equation 4.2 , s
satiafied for all wlues of slips, thas assynehronove torgue is
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prodused at all speeda.

In order that aynoyonous terque ococwur there must be

B,o= oAl V=2 Yy . (6.3)
Since v, = v/ m (4.4)

Bquation 4.3 shows the two poseibilities

;Pouihnity onst Whan n, = ¢ ad the condition f» Yoa © *"1mb

1.0, from equation (4.1)

1 wis(n -m) (1) (4.5)
or (n. - I.‘) (te6) = © (4.8)
Stoev, f 0 Lo, # m o Hace synohronous torquna;

will occur onlywhan s e 1

This is a case of locking torqus and we postpone the discuss~

' ion over it for naxt section.

Possibility teo + When n = - m - (47)
Sving Yoy * Vimp
eqguation 4.1 gives «t = 1 + (n‘ - n‘) (10) (4.8)
Since na 4 m,  synchromous torque csn ocour only when
8 = "”"""z"""'" (‘09)
(e, -2}

'n" and 'a" with proper sign.
@ n e tov, (Bp)rm
'n‘-ﬁn. . - v (R/P)
_fpeet 0 . - (—ng-‘-—-' ) Zfor sguirrel cage rotor)  (4.10)

v, R
( v, with proper sign)
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Thus, if there exists eqml number of poles fislds in gtator
and rotbr sxcept those 0f first order, then synoromous torque at fixed
speed given Ly egquation (4.10) 1a produced. 1f the hermonic 'n" ccm.-;
pends 0 a negative "2 y the synchronous evep will ocour at pesitive
speed (8 1) o 5f the harmonic ‘n ' corresponds to e positive v,
then synchronous ousp will osour at negative speed (s H1 ).

4.1.2. Magnitude of cusp (Synchronous Parasitiv Torques) in the Torque=

}
slip Charscterintic

Prom equation (3.6) (Chapter IXII) the torque is given by

P, (Fower developed) <O ¥, By

(synshronows torque)
Since n this case, ‘ma' s the exiter and produces flux

distridution which greacts with maf of ab of stator, therefore

BooC B, T, (4.11)

Biot - Savart's law also gives the for one single oconductor as

£, = 8.85x10° BIL Bino (iva) (4.92)
« 1x10 BILsm Xga ( m.kew)
Consiering Ahe yotor skewed, distridution of A, 3is direotly sffected
by rotor skewing (See equation )
Ve B

s CB8y T Em (4.13)

Yhers A, = Ampere conductor distribution of harmonic 'mb’
Total Power developed in given Wy
2" .
i) 8y, oL (PP J e A Kpap 4° (4.14)
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w B
here v, = 3, 0Oos Euo'i{n (:%')(lw)} vt] (4.15)

B = Ya)g ¥ (Adr gap permeance)

na
n
B = a)y * .2:.::.. x (2.50) Yines / eg. in. (4.36)
T(a)s 18 Eiven by equation (1-21) substituting 4t 1in (4.16)
.19) m K, ., 6, I
B = O3 )’ 9:19) 2% S Staalls (4.17)
ne ) p 1; L.

Yhere G(u) = Damping faotor for rotor currents.

¢ Prom - Harmonic equivalent oiroust (Bee £ig. 3.3).

(ma) Xu(ma)
G(n) - (4&’8)

4 B (an) * %ca) ¢ ' * Toma Ti(na)

3 b, givaly (4.13) is mot general enough for the com, utation

of aynchronous torques. The magnitude of the eynchronous torque depends
upon the relative position of the stator and rotor mmf's in addition to
other factors. Equation 4.15 is derived on the assumption that at t =« 0O
the digferendes of stator (01) and yotor (02) coincides i.e., Oud,

Por present samalysis , it should be dropped and equation 4.15 be
generaiised . By introducing new syutem of coordinates. Let at t=0

o, =0, =0 .gvrt(at time t) | (4.19)

Bquation 4.13 1n new coordinates defined by 4.19 becones

-

b = B co,[?‘o-(u.-hktzz{}*:%i'(ia)}ﬂ nJ

na e
e.+(4.20)



Chap. I%ﬂi 67

Yhere »a in the ecuation of bn-. is necessxyy 1if B‘;‘

1s expressed in terms of the (rimary ourrent I, » since Bnu 1is
proportional to Im and 12.. lags 1‘1 by the angle

B (wa)
( 1+ 7‘2‘) 5(“) x.(m)

Cma

t-nc{m -

when current distribution super lnpoud over the winding groupe is
integrated it yislds maf curve. Therefors

/‘°‘

Yhers .e = asupere conduwrtor distridbution and function of space

angle 8 .

Conversely e, = 5-(-?%—- (4.21)

f(ﬂ ? t) w 045, ll, &1(35) i1 Cos (M ¥ ”)

o a(md) = + A(yy) Bin (mb®@ + wt) (4.22)

2. ot
Aap) = (27) », ¥, my(,m) »(ma) 1, (4.23)

P 7T = Total armature Rircumference.
Substituting -

; 2+ H®0-8) W - (mama) 0y ¢ Lo =5 (424)

+ vz(-pL Jt-slwt ~ (na ma)8', ¢+ Lm = O, (4.25)
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0369 x212.2_x10° (2 TF 5, B, AL (4.26)
4ne

C =

Then equation (4.14) reduces to

4" ' '23 'L
!(-b) 8, = 0 [ 00-[&0 ¥ - (1em) ¢+ 1 7 wt

0
- (oa-ma)o, e ]sm (b0 T wt)ao
2w
. 21\'
‘!(”) 8y = -Gfsm [(na +b)o - 51 ]M-U [sin [(na-nb)o
0. | , -
]
For synorondus torques
na = ~ad (4.7)

Tap) 8 = 2% CBm S = 2706m !vz(%) 0 - tn] (4:28)
Equation 4.28 indicetes thet aynoronous torque varies with

gotor position dut independent of time, .

T(p)S7(0ax) =2 "o (4.29)

Therefore syncronous torque is of counstiant magnitude for
particul s order of harmonic 'mb' ocoouring at one slip given by
8 - 1 + ..........3...-

o - e

Syncronous torques on torque/speed  are represented by
a straight 1line (mee Pig. 4.1).
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4.2, 1 1978 I¥ TORQUE SPEED CURVES

4.2.%. As already indieated under seotion 4.1 and 4.2, the dead
points in torque speed ourves are specifically the one type of
synoronous torques when parmsitic torque (cusp) occur at stand still
or in other words in more olear terms, dus to high locking torque
motor dces not start. As can be judged, it is more nv.-u problem
than any other. This phenomens was first named as 'Syncronous motor
sffect ' in  induction machines by nw"(?é) ‘and latter on ‘
Kron(‘), &lctr(” also wasked over it, Gmhm(ag) firet tried to
explain the causes of Dead ;points in indwtion maohine. The classioal
theory does not explain this bebaviour as it purely arises dus to
non-sinusiodal naturs 0f the air gap fisld es discussed under ssetion

4.1 of this ampt.l‘u

4.2.2, Yy 2 Sti1l Slot P&

The phase melation between harmonics is shown in Pig, (4.1)
Dead point torque explained by Gratm'Z2’ with the help of barmonic
phase relation is Meded on the assumption that nearly 180 &sgrees
botwesn stator and rotor currents when lecked, . The actual angle
dspends upon power factor of the sscondary Mnﬂ and ratio betwsen

magnetising current and load current.

Creham , porformed tests Over number of motors with differeat
stator and rotor slot combinaticns. 7The variation of standard torgue
over a rotor slot pitoh ame shown here in Fig. 4.4 and 4.5 .

‘0205- Po Torq L]

Equation 4.5 given that dead points ocour if
na = ma and for the gondition the torgwe ia given
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-
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JCKED ROTOR TORQUE WITH OF LOCKED TORQUE WITH ROTOR
R _POSITION. POSITION FOR MOTOR _WITHOUT

(MACHINE ROTOR SKEWED) SKEWED SLOTS.

FIGURE4.4A FIGURE 4.4B
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by equation (4.27)

l‘(-y)a(m:l:) = 2 ®» @3in S( and maxisus torque is

? - 2 " C

oy 4 (mex)
When C is given by the equation (4.26).

4.3. RELATION OF PARASITIC TORQUES WITH SIOTS:

4.3.1., Asynohronous Parasitic Torques and Slots:

As such onumber of slots bhave no direct beunring over the
asynchronous torques of Phase belt harmonics, vhich are the yroduwt of
non-sinusiodal wi ding distridbution. But as the egquation 1~22, 1-14, 1-18,

shows , slot harmonics and permeance waves ars funotion of slot numbers.

s =v(8/p)+1 , mpmv (8/plem, apuv,(R/p)+ =

But by properly selecting S and R, low order of slot and permeance
waves which are more harmful can be avoided. Dy seleoting (S/p) ana
(%/p) on higher side, distortion in Torque - sysed in the working

region can be avoided.

4.3,2. Blimination of Stand B5till Locking (Dead Points)

Generaliging the harmonios produced in combination with slot

and rotor slots we get the following equatious i

STATOR ' ROTOR
1e o 1« n when n=n
2. % v,(s/p)+m 2. t v,(Rp) +n

3e 2 vy(%P) ¢ v (s/p) ¢ m
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m is substituted with proper sign.
Yor stand still loecking ~ (from equation 4.5)

na = ad,
Them are nmber of ccubinations all possidble.
Case(1) 2 v,(R/p) ¢+ ma = md (4.30)

This im no way provides ayy relation between R anid S

Case (11) s v,(R/p) +ma =+ v, (s/p) ¢+ m

:(vzl-\',l) - p(mb-m) :

All are integer
s t(vR ~v8) = EVEN or = Zero (4.31)

Itv,-va « 1o0r2
Toen (a) ¢+ (R<8) = even.

(b) 2(R-8) = EVEE oy CZexo

Case (111) s v,(R/p) 2 v (5/p) ¢+ ma = md

L ]

's (vRevS ) = even or Zero (4.32)

Case(iv) + [: '2(3/3,) * \\"(B/p) + u‘! -+ ’.t"‘ (8/p) +mb!

i : 1
(8) vy(R/p) = (b ~ ma)} same a5 equation 4.30
()2 v (W) 3 v, (5/p) sma =% v,(6/p) s =

t vt I;zv, w« p(mb=ma)

: (yeﬁ + 2 '1) = BEven a» Zero (‘053)
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Equatiom 4.30, 4.31, 4.32, 4.33 provides suffioient conditions
for eliminating stand still looking.
m-2d » 2k .q
where g = number of phase belts.

To sum up
(vRevs8) e2kq or (4.34)

(v,‘,n t2vs )= 2kq (4.33)

4.3.3. Blimination of Synoponous Porque:
For syncronoup torques the necoessary condition given by equa«

tion 4.7 4s ‘
na « -md using thie and all other relation from gquate=

tion 4.33, the following new relations are establisbed.
(vRev8) « 2(xqs1) | (4.36)

(vRe2v8) = 2(kas1) -~ (4.37)
where k = Integer including serv.

4.4, CAILULAYION OF BYNCHRONSOUD TORQUES:

Eaploying equations 4.29 and 4.26 Table T (1-4) ?(2.1)A,
Table (2.2), Tadle (2.3), Table (2.1B), the magnitude of mynoyonous

torques in general for any pair of harmonies is given by

K
T(.’) » 1.913 x 10’ [ E!'m-“ G‘m) %(mh) ‘B'(m'] (4.38)

Kgma na
watte / phase.
The computed results are tabulated in Teble (4=1) and Table
(4=2) for skewed rotor and Table (4.3) for non ekewed rotor induwotion

machine. Values are indicated over thv graphs in Pig. 3.8 and Pig. 3.10.
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(1) At slip = 1,06

Total synchrencus torgque = 487.3 wattis 1
¥or skewed rotor

(11) at elip = 0.97 : manhine.

Total synehronous torque = 130.0 watte.
(111) at slip = 1.06 o

Symshromous torque = 929.9 watts.
(1v) at .up‘ = 0.97 -  Nor yotor not
skewed.
~ Synchyonsus torque = 1043.,5 watte.

4.5, JETERMINATIOR OF FOINTS ¢

Applying the relations of egumtion of 4.35 and 4.36,
with R « 68

There is no dead point, So motor 42 free from starting loeking
tendoney.
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Pable 4.1 CALOULATIOR OF SYSCHROROUS TORQUES WITH ROTOR SKEWKD

S IS R S T T T it
+1 +35 0.955 4998 0.98 126 53 340

-5 +29 205 987 445 +205 657 83.5
+7 +41 157 98 ~s043 o157 391 1.97

11 +23 +126 946 012 95 o775 10.4
13 47 o126 4929 s045 955 +256 6ol
-17 +17 #1857 873 0 157 873 0

+19 ¢85 .20 J845 L0358 4205 129 0.04
-23 +11 +955 78 0142 126 946 36.1
+25 +59 +959 T4 038 +126 0169 0434
-29 +5 . 205 652 0038 205 «987 9.2%

+MN +65 157 +616 <0031 <157 076 Negligibdle
~35 -1 126 o127 2.0x107 1953 998 "
+37 +1; V126 .A82 1.4x10~% 985 147 "

-4 4 «157 «391 +00036 2157 '.98 "
-4 +17 205 346 »000298  .205 193 "
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Pable 4.2. CALOULATION OF SYN. TORQUES (ROTOR SKEWED)

For v = -2
- Dm-ab X o, - K, X Syn.~ watts/phase.
1 67 955 .95 205 02 .9% 54
S5 TS 205 383 955 .165 98T  38.0
7 -61 JA57 128 426 L0164 .98 3 .
-11 79 126 0455 157 ,203 <946 Negligible
13 -58 126 .015 157 .09 925 "
-17 -85 W57 02T 126 217 873 "
19 -49 205 1,007 955 212 845 14.0
23 -9 955 .47 205 .21 75 Negligidle
25 -3 955 J05T4 205 M6 T4 23.5
-29 -97 205 003 955 184 65T Negligible
31 37 J51 002 26 482 616 "
-35 =103 126 2.0x1070 .57 L4 J527 "
37 -31 126 1.4x107% (157 616 482 n
-41 =109 . 157 00036 126 0% 302 "

43 -25 .205  ,000298  .955 T4 346 "

e
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CHATIER V.
ELECTROMAGNETIC NOISE AND “AGNETIC RADIAL FPORCES OF SQUIRREL CAGB

POLYPHASE INDIDTION MOTOR

The term 'noise' is a very vauge term defining nothing in
particular of the source of noise. But t0 be more exact, it oan be caid
that there is now a growing demand thi motors should have good 'sonance
denign', i.e. they should give out just sufficisnt, steady pleasing hua,
just loud enough to show that tsey are performing their dutiss properly,

‘but not loud enough to be noticcd.

5.1« QUALITATIVE AVALYSIS OF NOISE

5.1.1, Definition of Noiee!

Before discussing noise measurement as noice phenomena a
necessary preliminary is to define what we mean by noliae. The old con=-
ception was thi sounds which oooupy the atiention of a person could
broadly dlassified into music and noise. Thic claspification wag based
solely on the characteristiss of the stimalus i.c., on phycicel quanti-
tiss such as the welations detween the component frequencies. For ou
purpose we define mﬁe as wndesired or irksome sound. Sufficient work
has been done by R.L. Wege, Gh'urCh(”) in pulse esciemce of Noise to

which we are not much concerned at present.

In attempting, therefore to formulste a badis for noi.e
meapurenent which would be acceptable for Engineering purposes, Churoh _
firet considered the laws of response of tho hiaring syatem of the
average individual to sounds to diffcrent characteristios, and then the
choice of a practical method of nolge measurement in accordance with
those lswe. The investication of the laws in brief falls in three sections
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vis., the dstermination of the threshold of hearing which provides a
datum from which intensity levels may be secknonsd, the dstermination
of the relation between the magnitudes of etimuli of different frequen-
cies which produce equal loudnecs sensationa, and finally the relation

between stimulus and sensation.
Bele2e o8 of To Ko ]

¥hile the problem of analysing s complex noise into its consti-
tuent tones and stating their magnitudes and fregquancica presents some
dirficul ties, yeti tiw wdrk involved is ssaentially in the realm of
physios and the results are sueceptible of inoontrovertible statement in
absolute units. Even when the intensity values are expressed in terms
of the decibles above aome generally accepted values of tlio threshold

intensities at the reapeciive frequencies, the results are still unassail~-

able.

The methods 0f determining the total loudnese of a noise cen
be roughly divided into two olusou, subjective and objective, the formerxr
involving the judgement of the humgn eaxr end the latter the interpreta-
tion of instrumental measurements in the light of ths available data
relating to the proptrﬁeu of thc‘ tars The two olasses can bs further

subdivided in the following way.

Sete3s Subjective Methody:

In the 'equality' or 'balance’ method a reference tons which
can be specified in frequency and intensity is adjusted so that it s
Judged by a representative person to sound as loud as the noise in
‘question. The referencs tone may be produced in free space but is
MOTe Usually genereated io either cne or two telephone ear pdisces smced

off the head, Or in one telephone placed over one ear while the other
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listens to the noise being measured.

5.1.4. Objeotive Methodgs

Under the totsl noise is to be assessed Dy caloulation from
analysis, the ssveral components of a noise are determined by analysis
and their intsnsities weighed according to their frequencies and the
sensitivity of the ear at those frequencies. The weighed components
would then be summed mathematically in a way to correspond to the sotton
of the ear. No method of stmmaticn of gensral validity has yet been

put forward.

The methods briefly indicated above were considered in detail
with & view to determinéng which 1s the most t¥ustworthy for quantite-
tive miasureasnts under problems like ours of measuring noise produced
by slectrical machines. In the subjective and objeoctive classes of
sssesament, while wo havo in the former a direct reference to the finkl
judge, the humen ear; wes introducs the personnel factor into the obssrva-
tions, whereas in the latter the difficulty of stimulating instyumentally
ay mathematiocally the yronponse of the eay 4is offset by the muoh
greater consistenoy of instrumental readings. The relative importance
of these points muet be considersd slong with the other features, such

as cost, oonvenlencs end speed of working.

Even supposing a method of summation by caloulation were available
the caloulations would nsceasarily be extremely labdorious owing to the
complexity of the charscteristic of the sar. Moreover, fairly elaborate

analysing equipment is required to obtain the initial data. Caloulation
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from analysis is therefore never likely tc become a method generally
applicable to enginssring problems. Specifically the mathematical analyais
of moise gemerated by rotatimg electrical squipment is of very complex
nature, but still the author bas chossn objective analyasis since they

are of undoubtedly of value for research purposes.

5.2, UTILITY OF NOISE MZASUREMENT ¢
' 5+2.7. 2ypicel Boudness Valuep!

One point of interest. iz the position assigned to common noise |
on the decibel and louwduess acales. This is illustrated in Tadle 5.1
below. OColumns (2) and (3) bave the most practical interest but it is
instructive to note how they are related to columns (4) and (5) . The
pressure values given in columa (4) are thomse 800-cycle field pressure
which would produce the ssme loudnees ssnestions as the complex noise
on an obssrver facing the source. Colum (5) gives the sound energy
flow per cl2 in an equally loud 800~ oyole fisld. %he wvalues in colummn
(5) are derived from thoss in colusn (4) by the relation3?

2

—

dv

Where ¥ w rate of rloi of ettergy in watts per on2

= T.i.8. Pressure in Qynes /on®

= Intensity of air
= velocity of sound in acir cme/sec.

4 &l ©

Deeibles abeve threahold are given in terss of the pressure by the

expression 20 log,, (3/p0) wheen po  is the threshold field pressure
i ' . . fr €y 4

vis. 0.000215 dynes/en _‘ (5493

ATRAL WERARY UNVERSITY OF WOOIER
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Table 5.1 THE MAGNITUDES OF COMMON NOISE ON VARIOUS BCALES.

1 imm. Eguivalent 800-cycle magnitudes
~he D, » | Field pressure’ Energy flow
SRR - SV RS- NI B 5
Y. Two oiroular sgws - 160 110 75 15 x 107
2 IJDM notor h!)m ‘7
at 100 £¢. - 100 100 23 15210
3+ In suburden -9
stean 50 a4 3.6 $x %0
4. Conversation (3 ££) 20 69 0.65 tx 1077
S. Quist Elect. motor (2 f%) 5 49 0.065 1x 101
Ga2eR0e B £ R ol Be Sh ¢

The total sffect of a number 0f sources operating umw&h

hag often to be considered in practice. It has been s)ggested that

since two similar sources snait twice as much sound energy as ons and
since the mumber of decibles difference is given by 10 log,, { w/wo)
wheres w and wo are the snergy levels in the two caaesy an increass of
3 db is caused whatever the initial level. This simple rule cannot apply
to the eguivalent 800-oycle tone outside that frequency renge; The
lesus 1o furtber complicated in the case 0f & noise containing s barmanio

range of frequenciss o.g.; as electrical rotating equipment.
5.205. RBffect o L

In considering the effect of distance from the source on the
sensation of loudness experisnced, it should be borne in mind that the

effect is simple only in the case 0f a point source emitting a pure tone
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of a frequency between 800 to 4000 cycles per sec. in free space with
sero backgrownd noise. Under point source free spmoce conditions the
accouwstical pressure variss inverssly as the distance from the sowroe.

With complex sounds the conditions will be again modified.

5.2.4._Effect of Enolosures!

It 1 not necessary to emphasize the fact that, in the case of
a source placed in a building, the noise audidle to a person outside
may be totally different, both in composition and in amplitudes, from
that heard ineide. The attenuation of sownd th:ﬁugh the walle of a
building depends upon the mass per wnit area of th. walls. A discuss~
ion of the design of enclosures ig beyond the soope of this volume,

5.2.5. Effect of Noise Beokgrounds

A subject which is of_ vital importance in making noise
asaswremsnt on maciinery and in congidering how much noise it is per-
inoiblo for a machine to make in a given situation , is the beckground
of noise present. The sownd sensations from a given source rerceived
by & listensr may be greatly modified if, another sowroce is introduced,
One sownd gan 'drown' other. Al-ost‘> eny motor would be wmobjectionsble,
if not inaudible, ia surroundings of loudness 85 db.

B5¢2e60 o ¥ Noige:

The prodlem of windage noise is of great importance particu~
larly omly in large - high speed machines. It becomes the ons and
only noise, but in medium sised machine, magnetic noise is the diggest

problem, S0 sindage noise can easily bs overlooked in this context. It
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is sufficient fyom the designer's point of view to know the causes, in
terms of 4imensions and other Fhysical constants of the generation

of magnetic noise. This would enable him to avoid certain construce

tions which might magnify as radiate aleotromagnetic noise.

5.3. Sources of Noise in Motorss

The physical factors that make an indution motor & machine

for converting electric snergy into mechanicel energy also seke it
a machine for converting this energy wnto accouatical energy. The
prodlem of sonance a--i@(”) iv to redwe the acooustical efficiency
of thease machines so0 that they will produoce less noise. Induction
motors noise may be claspified in throe main groups:

1. Magnetic Noise.

2. Mschanical noise.

3+ Aerodynanic noise.
Any cna or more may be predominant in any motor, but hers we will
devote our studies to first type only to see the ‘effects of Harmonics
on Noise' and then sudsequently demunstrate, the effeot of rotor skewing.

The noise producing parts oan vidrate in several ways. A tore
sional vibration of the atator end rotor as a whole results fyom petiodio
torque pulsations, such a vidrati n may be particularly objectionable
as it is transmitted directly through the motor feet to the supporting
structure. Moot of the vidrations aye forced vibraticn i.e., their
frequency is not near to oritical frequency. The method of determining
the noise tendency of a motor is to tabulate gquantitatively all the
possible harmonic fields and examine for each two fields daiffering in
number of polss.
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5.35.1. Reotromegaetic Noise in Electrical Rotating Machines:

Three main types of noime ogcour in electrical rotatmg. machines.
These are (1) Magnetio noise originating in the air gap flux density
distridution on no load. This dietridution remsins substantially
unchanged on load '(2) load noise originating in the amf wave of the
stator winding. (3) Windage noise due to the yotation. Of these
types of noise, the tbet is the one recuiring most thought, since not
only is it difficult to predict, dut even more difficult to supress am
reduce when the machine is completed. The cause and cure of noise in

slectrical rotating machines is of permmial interest to both manufactiun-

ors and users.

Walker and I:ne_hitg(qﬁ recently gave a solution to ths problem
of determining the noise in ayncronous as well as induction machines.
The author has alsoc attempted to ﬁn& the noise level of the machine
under test by exhauative caloulation carried over IBM 1620 computer.

In order to prediot the noise level of a electrical machines the author
deseribes the magnetic forces that cause the magnetic noise of Folyphase
induetion machine, and the corresponding modes of motion of the motor
cares and frames. Approximate equations are used for the decibel sound
levels th‘stvnoton of normal design may be expectéd to produce, and
varistions 4us to core and frame rescnance are discussed. The principsl
types of magnetic noise, dus to the radial forces of the fundamental

barmonic air gap fields are considered.
5:3.2. Be our o7 Motor:

Barly resserch in the megnetic noise of industion motore

Was cloasly linked with investigations of other effeots of higher
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(34) waves in the air gap. Bven umtill

n'.n_wn&o- magnetic flux demsity
recently the secommendation for low magnetic noise level induetion

motors was initimately related to slot combinations. Heondl , Hildebrand
and Moruil bave discussed in great detail the question of slot
combinations and the caloulations of the mode, frequency and the mag-~
nitude of the radial force waves, responsible for the vidbration and

noise of induction motors.

Alger(®), who was the firet to provide a eimplified,
comprehensive treatmsnt embracing all phases of the problem,; was also
the ariginator of the concept of ‘sonance design', According to him, the
industion motor as regards its meohanical vibrations can de represented
as a simple in extensional ring, and Be anslysed the motor's naturml
behaviour on this basis. ¥To analyse its acooustic behaviour Alger chose
t0 represent the motor by infinitely long vwibrating cylinder. He provide
the designer with fominau and curves of sound intensities of the ndiwe
radiatéd from the induction motor simultaneouely, Jordon in Cermany
provided a eimplified solution. His sssusptions yegarding the vibrational
aapect of the motor is approximated by a radiating sphere, and Causs's
theorem i» used to determins the sownd power level at a distence from
‘etiffening effect', which is quite, justified from medium sised motors.

Tte n@ttw fisld in the air gap of én induction motor
creates rotating force waves with frequencies of 2 t0 40 or more times
the line frequency. These frequencies cause elliptical or nodal deforma.
tions of the motor laminations and freme, (See Fig. 5-1) therety produce
ing high frequency vibrations and noise. This analysis provides an

1lluetration of the work that sonsnce designers m' being called on to



P=4

FIGURE 5.1 (b)

AVERAGE VALUE

ELECTRO MAGNETIC DISSYMETRY OF THE
ROTOR

FIGURE 5.2
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do in the broad programms for the reduction of the industrial noise
that is» presently wunder way. There are three distinoct types of

motor magnetic noise. First, there is the double line frequency

noise (trensformer Hum) caused by the rotating force wave of the fund=
suental magnetic rield. Second there is a slot frequency noise caused
by the slot ripples superpossd on the fundamental air gap field. Third,
there is the torque noise , caused by pulsations in the wmotor torque
that cocur as investigated due to pressnce of harmonic field. The
mathematical snelysis for all these is presented here.

The conductors themselves can usually dbe neglected as s
noise sourcs as the forces on them, being situsted in the relatively
weak leakage field, are smsll likewise we can neglect whatever internal
stress may exiet in the magnetio parts as the rigid parts are not

deformed appreciably.
7

10
Amplitude of force mreO?) o ' Siaier-an i U B Newtons/a’
4
«{5.1)
~3 §55.6) B B 1be/4n?

§35.5. fluence of O ’

Skewing Dbas two different effects on the flux distridution
and consequently on the force waves. The force waves oreated by
the interaction of flux distridution waves catwed dy fundamental
currents are not reduwed by skewing. The force wave itself appears
twisted to the left and to the Pight along the rotor axes, as shown in
Pig. 5.3 1.e.; the force distridbution which has been uniform along
A generatrix of the rotor will vary for skewed bar rotors. The effect

of skewing can be analysed by resolving the force waves into two



P= NO. OF POLES
I00 CYCLE FORCE WAVE

RADIAL FORCE

RADIAL ™ MAGNETIC FLUX AND FORCE WAVE

FIGURE 5-3

FIGURE 5.4
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component waves . The force waves caused by higher barmonie rotor
currents may be considerably reduced by skewing, decauss of the
incresased differeniial leaksge reactance of the squirrel cage Induction

machine.

$.5.4. Doubls Line Prequengy Hum (100 gycle Hum)

In normal operation, with SO cyole power supply, the 4
pole magnetic field rotates at 1500 rpm, 80 that the flux density at
each point in the air gap varies sinusiodally. But when atnlA is
magnetised, it sxpands slightly the axis of asgnetisation. Henoe the
core are inoreanses and decreases with flux density, causing tiny vari-
atione in periphersl and redialy axis. Since the flux distribution
aystem revolves, so totsl peripheral length resains unchanged.

As shown 1n Pig. (5.4) the developed air gap of an induotion
motor, with two poles of the revolving flux wave. The magnetic flux
exerts a radial pull across the air gap, proportional at each point
to the sgquare of the flux .d-mity. The force wave being aquare of
flux wave is fully displaced sine wave of double fregquency as shown
in Fig. 5.4, The average fo:rce intensity is half the peak valus,
and is wiform around the periphery. 7The radial pull exerted in a2
Fole motor by one of its 4 pole force wave (cross batohed ares in 5.4)
is equal to

¥ =& (pegk force intensity) x 3?“ £ x (area of the force
Pole).
The full treatmaent of this is given under Mathematical analysis section

" of this Chapter.
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5.4, MATHEMATIOAL ANALYSIS OF MAGNETIC NOISE IN POLYFHASE INDUCTION

woron(30)
5.4.1. QGenersl Approgoh

The parasitic radial force is given by equation (5.1)

«8 2

£ « 13902 x 10°° 1b - 40

‘here b= flux density in the air gap b lines / sq. ,‘“'

T
slso £ -0 2

2 A
o " Newton / " () 4, weber/a’) writing

flux density in terus of stator and rotor harmonios.

| ® ©
b(e, t) - A(m) T Cos (m0' +w , )+ |
at Ya(8) T con (ud Tw )
%:r & n
- - } .+(8.2)
e £, = 139x 107 | A3 0o (w0 T w )
o2
* A Zcm (00* 3 w,,.) ]
L =6 [}f‘. {‘.(‘)cp.(d': at? 'T: * - '&r(n)c“(w' + "nt)jz
J Z: I J
b, p .

* 2 A () Ap(n) Z—\ Cos (w0* 3w . ) Cos (u0's w )

2 by |
+2 "u‘(n) Z oos® (w'0 3 wat! * 2‘:(11) §~c°.2 (0 *w )‘]

Where
hy, = axn (5.4)
h, = A= (3.5)



=
33 - 'f '2 (5.6)

Ths squation 5.3 can best be studisd in five groups as marked

the range of each group is indicated over the sum.ation sign

_ ’R+n
hy +b, +hy = ¢, = h (Total multiple terms)

Each group can further be bifercated intc simpler terms.

00.4'(:03) 8 - (wn-w‘)t} +cm{(n~u) o - (wn*w‘)t}

(5.7)

Equation 5.7 shows that the radial foroe produced by any
two harmenic fluxes eonsists Of two travelling foroe waves, with the
following velocities and pair of poles (Hance forth to be called
"Foroce wave poles’ ). "

p, =P (0-m) with veloosty (w, -w) (s.8)

B, =P (n +n) with velooity ('n * w‘) (5.9)

5.4.2. Self Stator hegmonje Forge Weveg:

A single travelling flux wave of the stator produces a force
wave, thig is obtained from equation 5.% (Group IX)
no. of force pole pairs - B

P, ™ 28 , frequenoy w2 f (5.10)

Bquation 5.10 show that satator flux harmonic alons produce force
waves of double line frequency. ZThess fozce waves are seldom
disturbing with vespsat to magnetic noise.
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Sebe3e (] Ro n a W L

Bquation (5.3) (G oup II) also gives the similar results
for rotor harmonics aled, producing doudle line frequenoy force waves

P, =210 frequency = 2f.

Se4.4. Rogop =Stator Harmonig JRoroe wavesi

The sajor distwrbding magnetic noise in induction motors is
rroduced bty coambinations of stator and rotor harmonicse . From

mother egqwmtbion 5.3, we get the following.

P, = B~m te(n-n) (t-a)e

p, =km g, = (2 + (nem) (1=n) ) 2

Smee e [14-(3-:) (1-)] 2n g

n

amd B = t v, (R/p) +m

" py =n-m 2, Vpu (B/P) (1-8) £ (5.11)

Pp = n+n fz - [2 + Vh (R/p) (1")] 4 (5.12)

It is soen from the equations 5.1 and 5.12 that the frequenocy
of the vibration produwed by a ®tator flux harmonic in combina-
tion with yotor flux harmonic does not depend upon the order of the
stator hamonic. It depends upon slip and v,a (Botor Permeance
factor)
' for vy(a) = O we get the same equation as (5.10)

5¢4.5. Yorce PTaves of Stator Harmonics only ¢

Group I¥ of sequation 5.3 deals with Chotor harmonics
only givina‘
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n
and p, =n-a f, =0 (5.13)
B, =an+nm f, = 2f (5.14)

Eouation (5.J3) inaicates that standing force waves are also
produced.
S5.4.6. _Poxce Vaves of Rotor Harmonics onlys

Group V of equation 5.3 deals with rotor harmonics only

givings
n =n and n=nb

'y
when n, = + '23(8/”) +m andnd =+ vzb(IVp) + md

a a
p, =n -n Velooity w, =~w (35.13)
Pp =B, ~1ny Velooity %oa +* wob (5.16)
“here

na” mb ~ [(na-ma) “(nb"“u)‘l("‘)ftz"
" " * EH» {(na-ma)-o-(nb-mb)}(hn)]aw r

Simplifying
2, = ( Voo - vzb) 8/p (1-8) 2 : (5.17)
f2 - [2 + (yza * vzb) R/p (1-8) ] b 4 (5.18)

5.47 Slot Frequency Force Wavea.

(a) For the sguirrel cage rotor}y "2. s« + 1 yields the largest
amplitude for the rotor flux hariwonic . For this rotor, from equation

517 and 5.18 withwva = + 1 endv, = + 1



(1) 'h-nvz. 0'2& = =191 or e+l (both)

£, =0 (5.19)

r, - [_: ¢+ (8/p) (m)] ar (5.20)
(14) When v,y 84 ¥y are of different signs.

2, = (Rp) (1-s) 2r | (5.21)

£, = 2°2

Equaton $.19 through 5.22 gives slot fiequencies warisble
with slip (speed of the motor).
(v) Slot Relationgs

From figure (5.1) , 1t is clear that force wave poles sheuld
be as large av [ossidble 10 avoid its effect oxr p= 1 , (one pe‘ur of
pole) should be avoided. Here oonditions under 5.4.4. will be disou-
ssed , ae this is produced in combination of etator and rotor slot

harmonice. Only 2~ Fole force wave conditions are dimmud(”)

For Py =P = 2 1 5 the following equations aust be

satisfied,
py = nea and P, = n+n
Ir
B, - :vab(nlp) + 9
and m, = ¥ v, (8/p) + 1 (slot bharmonig) '

then p, = ¢ v, (B/2) ¥ Vo (/P) =1
B o= 202 v, (8/D) s v, (B/p) a1

or + "2!:(’) + %S = p1 (5.23)
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2p + '2;‘3) t )R =1 : (5.24)

for 'ab 3?2.' - * 1

should be avoided (5.25)

5.5« Hagnitudes of Force waves:

From equation 5.1 + /2
-5 .
P.oo» 139 x10° x21% {bm bmdb 40 (5.26)
N /2 |

Pig. 5.5. shows the resultant distribution as sinusiodal, the integrand yie
1 -39 x’o.e
L 3

o p! ab 3 oa (5027)

- 25x 10" M A B, Y% (ake)

¥here P' = order of forae wave poles.

Flur densities can be found from equation (4.17).

5.6+ _DEFLECTION OF FRAWR ARD SOUND INTENSITIES
5.6.1. _Deflsction of Frazes

If we dev lop the stator laminntion ring into a ltrl!&xt
line, snd consider it as a beam, we can use well known eguations to
caloulate the deflection produced. This continuous bean will bend
into a shape similar to the sinukiodal wave of applied force, with
nods at eash sero point of the foroe wave. ZEach of the nodes mey
bes treated as free -ﬁpport. The deflection of such a freely supported
beamn under a ginusiodally distributsd load is @
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s} =x 108

_— (micro inoh) (s.28)
43w KW L

whers 4 = deflection.
¥ = load in lbs.
D. » ssan Adigmeter o0f the stator core inchws.

- n‘ + 2 (slot depth) + h

h = pradial depth of the stator ocore behind the slot in inohes.

= ons half the nuaber of nodes 0f core flexure.

= pmodulus of Elastiolty.

= the numbsr of Foles of the fOorxoe wave.
Taking equation in C.G.8. ayste,, the equation 5.28 gives deflec~
tion in Cms.

Bguation is a approximste equation derived froa beam thesyy.
The trus equtions for the deflection of g thin ming under a
sinusiodal radially applied force are

3 .6
DS
for m =2 4 = 19 (5029)
6ER° L
3 6
w5’ 10
for m =3 4 = 2. ! (5.30)
' 256 E h- L
~ wops® 18
tor m = 4 4 = 3 (5.31)
7 ER L

The natural frequency of a thin steel r ing, vidbrating in

2m nodes, 11
365, 7,008 (8° <1 )

f = 2 ¢ M (5&52)
DS
. /2, s
5.6.2, Sownd Intensity of Plane Vaves

The sownd intensity is defined by the equation



Chap. ¥ |  ¢8.

I8 = 10 log (}f) dds (5.53)

where I = actual soud Intensity in watts / ca° 4in the direotion

of propagation.
=16

Io » Reference sownd intensity = 10

vatts / cn?

This refersnce sownd intengity corresponds to0 a sinusiodal double
amplitude displacement of the air at normal pressure and temperature

equal %0 2.20 /f x 100 cms.

This gives for the sownd intensity of plane wave
I =13 x10% (2a22 watts / ox°

thus from %.33
I8 =7 +20 log, (az) ave (5.34)

5.6+3. Qoxpection fgotors:

" %o £ind the plane wave 0f sound that is equivalent to the
wave prodwed by the motor frame, we can make use of the work of
oyxee and others as shown in Pig, 56., and Pig. 5.7 . The curves
of Fig. 5.6 give the numbder of decidbles that munt be added to the
sound intensity ocomputed from equation 5.34, to obtain the intensity
of sowmd produced by an indefinitely long cylinder vibrating with |
the same surface amplitude. The orosseotion depends upon'tho number
of nodes (2 m) and the valus of kK 4 which ia the ratlo of the
cylinders periphery to the wave length of sound in air at the frequenoy

come “.”ao

(2" xo)
ro o/t
= 0.00859 fro (5.35)
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Yhere ©C = velocity of sownd in air.

1 = Cylinder radiue in feet.

(v) Distance Goxgeotions

The sate af whioh the gsound intansity falls off with
distance aleo depends upon on the ratio ko (equation 5.35) as
shown in Fig. 5.7« When the oylinder is small, as the frequenoy
is low, the intensity falls off very rapidly as the distance from
the oylinder ar high frequency it falls 0ff in accordance with the
usual inverse squaxe law.



6.1, IROCKDURE:
Megnetis noise 1s produced by mechanioal vibration of the motor

freme or somponents, whers the vibromotive force is supplied by the
magnetic fields of ihe motor. The noise produoed by the slot harmonice

' ie generally the most objectionable magnatis noise, eince this has
a relative high frequency. It is cawsed by rudial motions of the stator
in nodal patterns of four, six, or mors nodes (Ses Fig .« ). By knowing
the freqienciss and number of polea of these forces and the vibratory
charscteristics of the stator and frame, it is generaly possidle to
avoid the co_incmmn of a foroing fyequency and an objectionadle
resonance. The frejusnciss end pole struotures of the most botlmrecae

fores waves in large motors can be caloulated from ths following equationws

Frequenay of furee waves. Number of nodes in force waves.

[’-%:'-L--z]r | (2R~28 «4P)
[Lga)] 4 2 (r-m)
[5-,(,1’)+2:lt (@R ~28+4P)

The author gives a general procedure for caloulating in decidles
the slet frequwney and other harmonic frequancy wsound pressws lhwl
predused the mashire under test operating at any arbitary speed and load.
To 4o this, 1t i» necessasy; first , to caleulate the frequenciss, pele
numbers and meguitudes of the impertant air gap magretin filelds; seeond, $e
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ocaloulate from these the frequencies snd magnitudes of those air gap fores
waves with relatively m noden those axe most likely to produce noise
third, to caleulate the stiffness snd yesonant frequnoies of the frems
structure for ¥ibrations of low mmbers of nodess fourth, from all these,
to caloulate the jadisl deflec:ions of the stator core and frame that

are ue to the significant slot frequency foroe waves; and fifth, to
caloulate the decibel level of souné pressure at any point in space that
is caused by the ealculated deflection of the frams. Under this Chapter
the author presents the n\mma mﬁlta of carried ovwwr on EiM 1620
Computer. The author posses with him the other results dut oniy signifi-

~cant yesults ere presented leove.

62, CAICUIASTONS
All the possible combinations as detalled wnder Section $.4 of
ehptor ¥ are considered for calculation noise intensity, and the

computed results are tabulated from Table 6.1 to 6.7,

Tor this purposet
Diamoter of motor at air gap (10 = 17.0 cms.

length of axmature = 7.5 cms,

B - 3x10 (for stasl)
h « 5.5 ome,
81lot depth = 2.1 oma.
n. = 24,7 omm .+
B = 296 turns The results sare plotted in FPig. 6.1 to
6.6 2
o Retma  Pud Tma Not ap %
255.0 ‘ ‘ (6.1)
,r W e .
Pt B, km nb
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¥Yhere,

= ( 1-0, (uuﬁ)2 +(cnbs:n¢)’

J [S.b xu(_,)( 1t Tom) ja* [Bnb %11 (b )2 (mb) ],

D>

Cad

. 2
Bowp * E”nb Kyap) (V¢ (rm)]
Bo (ub)

S T(a) (Y T om)

(Heglocting Ra(mb ) )
'+ Tomb

B8ince in for higher haxmonics, only difforential leaknge 1reactance

predomninates.
’.. D‘b ((:'; “ -u-l—-m
?2 h mb
2
D‘b X ] "‘82 xm assesn (6'2)
»
. B8in (J{*')
¥here H =
P
R
Ceoay oo B k2 (from Chapter 11)
. - 2 2
0 3 (1 xaxab)ﬂa‘m
(x)
2
rro\{,(1naz Km )Ha(Km) Svve W (605)

Y
Bquation 6.3. directly gives the effect of skewing of rotor bars.

skewing reduces the radial forcus and subsequantly the sownd emitted
by magnetic fislds
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b/ D: x 10‘
As doflection = &4 = 0,75 -~ Nicro ineh.

and Sownd Intensity (I,) = 7 +20 1log (axz) avs

6.3+ NATUBAL FREQUENCY
The natural fregquency of the frame, considering it as

simple =ring
36,700 p' ("2"'1 ) h°

2
Dm
fv'a +1

ors

&-

The minimum p' o 4 (without cege)
o.o & = 7560 ors

The retural frequsnoy deing very high, theme isg no
possibility of meohanical resonance.

100
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Chap. VI

TABLE 6.3 TOTAL 4 IOLE GOUND INTEGSITY LeVEL

0F TEST MACHINE.

e———

S14p

4

ROTOR KOT SKENED

01 100 35 «157 31

ot 100 47.7 2.13 87

2 100 104.7 4.67 64.0
3] 100 238.7 10.7 70.0
1.0 100 2%6.3 10.6 70.0
2.0 100 323.9 14.5 78.0
ROTOR _ SKEWED

01 300 2.0° 09 23

ol 100 31.4 Tt 29

o2 100 T1.5 3.22 50

8] 100 128.2 6.2 63
1.0 100 178.0 8.0 65
2.0 205.0 9.2 é8

100




Chap. VI
Table 6.4. TOPAL RADIAL HAPMISIC FORCC WAVE WITHOUT SCREW

p* =001 | o= 0.1 =02 | 8205 | sw 1.0 | »w2.0

2 3.5 47.7 104.7  238.7 236.3 52%.9
4 11.6 165.3 363.7  796.2 8685.4 1031.6
6 17.0 140.8 342.2  792.7 1775.9 9951
8 0 2.8 540 14,3 21.7 17.7
10 0 5,7 108 28.2 $2.9 52.1
12 0.0 4.1 10,3 23.4 29.1 27.2
14 0.0 2.9 Bt 13.4 15,0 14,1
16 1.5 15.8 46.6 7346 80,1 83.8
18 1.9 50,5 118.0  221.7 249.5 271.9
20 1.0 16.6 . 38.2 75.9 89.8 99.5




Chap. i

Table 6.5 TOTAL RADIAL HARNMONIC FOICE WAVLS
TITH SKEW *

p' = 0,00 s = 0. =02 8=03 s»1.0{e= 2.0

4 20 3144 71.9 138.2  178.0  205.0
8 157 20541 5801 91%.1 1015 1170.0
12 13.0 90,1 291.3 675 1053 850

16 0.0 1.7 3.1 9e3 11.6 15.7

20 0.0 5.0  T.2 21.t 29.0  27.6

24 0.0 3.2 7.3 19.1 21.1 23.2

Pigures indicate Ibs.
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4

Zablo G.6 11el La.-u “0Y COUWID GEICNATLD BY IACGU.IC 11453
(20%0R GRITID)
Carconic Sound Intonoity (dba) o
Froquenoy - —— - -
¢ Sh | 17th . | 19%h asra | 23th | Ulo® Daweonlco

750 - - 1307 hnd - 7:0

650 - 10.4 574 -~ - -

920 - - - faad - 52.0
12350 (4] - - - - 16.0
’430 0 - - 7.0 - -

1460 - - - - 44.0 44.0
1530 22.0 950.6 - - - -
1600 0 - - - - 60.0
17G0 (o] 7.0 532 - 13.0 -
1000 o - 7.0 24.0 - -

Qoblo 6.7 DICH FRIQUIRCY SOUHD GLILNATED BY "IAGULTIC PICLEZ

(ROTOR UISKEILD)

750 0 - - 11.7 - 7.0
030 0 40,0 7.0 - - 77.0
950 - - - - - 52.0
1260 0 16 21.4 - - 16.0
1360 0 40.0 38.6 - - -
1450 o - - 7.0 - 11.0
1450 - - - - - 44 0
1330 o 33.0 50.8 - - -
1600 o} - - - - GB.0
1630 - - - - - 52.0
3130 0 49 05 62.9 - .- -
0 - - 27.0 14.6 50,0
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6.4, REDICTIOR OF PARANISIO TORQUES AND NOISE OP IRDUOYION MACHINS WITH
ROTOR SKIWING

Bimplifying the expressions for parasitic torques and noise, wo.
can arrive at simpler fumotion 1n terms of skew faotor and certain
other constants of ths machin « The functions thus obtained, can give the
range of variations in magnitudes of the mrwsitic torques and noise
for a correaponding change in skewing of rotor darse.

£3in3 1
Defining Unit valuss valus of mth hermonic quantity with skew
Unit value of (ath haymonio) =

waluo of mth harmonie quantity without
' .m:

S.hete MAXINUM PABASITIC TORQURS

As, our previous study reveals, for the test msohine 5th, 19th
and 25th harmonios are more predomszant . So, sffeet of skewing for these
barmonics will be considered primarily. Prom equation (8.6 )

. e 10Y)
%im) Faim)
. A

.. s‘r.ﬂ -

8!?:0

1

v Tom)

Xun) 7,2
( ) - 00569 "a"" R !
Rikax w 1+ Ta(a)

and

Assuning 1, vonstant)

Ta(nax) = L (6.4)
| sz(-)

1+°7
Unit Max. Torque = mﬂl}g ' {6.5)

T

Results are tabulated and plotted in Pig. 6.9A.
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6.4.2. Synoronous Torgupt

Prom equation (4.29)

Tarlmax) = 27 C By, A, .
_ 8, 4, "x*
2 ’ 2 E
(RO )y e (e 7yE )| e
Lin) | -
substituting for B, equation (4.9)
o . |
TV(M) : ( - 252 )
(* Toa)’ @ ¢ Fem
hen 8la) Ro(m)
‘u(-)
e ”(m) ("m") """E"“

Foma Y+ Taim)

?
ant Uhit synoronous torgue = —a (‘H' g_lo )
K 'ﬁ"

Yhere ¥, 2(n)o Ratio of mondm lealknge resstsnce to Magnetising resc-
tmc., with rotor unskewed.

The yesults are tabulated and plotted in Fig. 6.9 B.

6.4.3. Nolems

Prom eqution (5.2/ ) and (6.2) 2 .
Radial foros ,:’ C' - *‘u’é am) ‘J .(m)
[; - ?(“)’_7 ‘m sennebe’?

But ginge sowd intensity is defined as




Irr

I, = 7 *log‘(dxt‘)

a
B8in ap"/12
Yhers © ) ™ 6.8
¢ (m pw/r2) 2
Conaidering only 100 oysle hum and radial force wave of 4 poles,
I, > 28 (@ x2)
As 4 cz_!r
Fo I, o dog (2 x2r)
log {7, x 1) 1
s Uait Foies = w log ( =) 6.9
log (¥, x £) Yo

Substituting 6.7 in 6.8

-2 2 2
1 - ¢ ("fu(u) -

Unit Noise = log . ) mx 6.10
V= £ () *oa

shere na =« ¢+ v (R/p) +m
sguation 6.9 gives the following sonclusions.

(1) Por decreaning effect 1o noise, it values are negative,
(11) Inoreasing and deoyeasing effect not only depsnds upon skewing but the
magnisude of (m) also which ia again function of Rotor elots and order of
surves are ppotted in Pig, 6.8. Yor following paire of haywonic  giving
4 pole, 100 oyele noise.

t. 5th and 7th

2. 19th and 17th

3. 25th end 20nd.



Chap. VI
Table 6.8, HDARMONIC SKEW PFACTORS.
angle | 4 5 v 1 |19 {es | 28 |29 53 35 59
Kleo. , { o
] 999 4995 <993 W91 895 B4  JBIS  JT5 .32 65 214
10 W96 L7 W95 J6T4 6 45 318 227 215 029 .176
15 «995% +93 875 «356 «246 043 .04 @ .186 088 «224 L128
20 994 B8 <TT5 406 .05 -.19 215 186  J018 028  .OT4
30 <99  JTA 53 218 195 .043 LOT6 12T  LO1 028 .O17
40 »98 +56 «266 +06 «05 «123 LOTS +06 <018 028 L0847
80 9T 416 029 123 41 .057 .091 005 .OD9 4028 .02
60 «955 +19 « 137 +056 05 O4 L0338 «033% 018 027 +016
70 <94 085 24 08 O  JOT 02T 05 025 027 07
0 .90 18 I3 045 .047 .O% 0% - 088 026 018
Tabls 6.9 CALCULATION OF »9; (a) FOR DIFFERENT SKEY ANGIB
Angle 1 5 19 25
0 0 0.16 3.8 101.0
5 002 7 42.5 154.0
10 0 23 95.9 718.0
15 015 34 574.0 6.4x10*
20 015 .50 1.26x10* 22,20
30 R 1410 916.0 1. 74x10"
40 <04 2.63 1.32 xt0®  1.80xt0t
50 +065 5470 2880 1.22x10%
80 o 30.8 1.39x10% Tax10t
70 .13 159 11x10* 35.2x10*
90 .23 5.8 1.5%x10% 7.9x10%




Peblc G.10 VARIATION OP JAXITRI] AGRT. TOaCUCS Op
BATTOJICS UITH BRI

—
12 1 ate

Tnleax)
1V T a)
: T 5 19 23
1.0 1.0 1.0 1.0
.995 .995 . .‘0 .66
99 945 36 .14
235 .£65 .05 <0016
€35 77 2.76x10™° .045
g3 .55 3.8x10°2  ,005
-C3 052 2&633135 0054
.94 .17 1.21215°  .003
91 . .036 2.5x18°  .0014
87 «0O7 4.92107° G003
013 .03 2.52107°  .0013

sblo 6.11 HARTZODIC O¥ll. TOMQUES UXSA DIPP. SRE? AlGLD

: 3 > Tate] Sepa
. ,
& * 'Tz(mﬂ s m

1 5 19 25
1.9 1.0 1.0 1.0
«69 7595 «225 o174
026 «226 +13 + 0BT
22 . «17 vOry 107  Vel.
«023 «16 Tel Vel
«C27 0L vel vel
«C25 <030 vel vel
«C20 «CO7 vel Vel
« 023 «C5 Vel vel
025 «C02 Vel vel

A - Lo o | - %



Chap. VI

Table 6,12, VARIATION OF HARMONIC SOUND INTENSITY
WITH SKEW

Sth Harmonic 19th harmonie 25th Harmonio

Angle (5) =0.965 (19)=0.55 (25) =.32

ns =7 nan17 na =23
0.0 0.0 0.0
5 06 .ol -.23

10 25 - 17 - o 46

29 + 44 -62 -1.34

20 +.66 -1.22 ~.49

30 85 -u61 -.83

40 1.5 =122 1,3

50 1.86 ~.85 -.78

60 .55 ~143 -1.42

70 31 ~1.15 -1.92

90 .53 “1.4 -1.49
[ - g(m) l(m)] K:s

db

[1' f}(m) ] “ona

Considering only 4 pole, 100 ¢/s hum.
na na

v 5 with 7

2. 19 with 17

&
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~ ANGLE
FIGURE 6.8

HARMONIC SOUND INTENSITY WITH VARIED SKEW |

§

. .
40 50

SHEAR ANGLE

B e SR

o i 1 b ¢ e e v wepen e o o e

L (25) _,_w« e

NOS IN BRACKETS INDICATE Of
HARMONIC
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OMARTNR _VIY
EXPERINENTAL RRSULYS

In addition to ths tests as alr.ady specified under section
2.9, some tests over the test machine, with rotor bar skewed (6° noot).
are condusted to check the validity of the caloulated performance curves
eqimiions and ¢quivalent oircuit obtained in mwevious Chapter,

The specification of the motor is¢
440V, 5 Amps, 1440 r.pum., 3 HiPey 50 0/8.
3 Phase, skewed bar induwetion motor.
Though calculations for unskewed rotor, induction motor are also done
dbut due to practioal 4iffioulties, unakewed motor could not be made

availabls 80 observations for skewsd motor on y are presented.

T.1. Meapurempnt of Resjptsyncegs
Teto1. Mpagypemsny of FPringry Registenoes!

The primary resistance is msasured using Kelvin's Double bridge.
Since resistance is fwotion of temperature, the measurements are
earried out while the machine is hot and these hot values are used in
calculation of wmaching cheracteristios.

l,‘ = 5.1 Odm,

T1.2+ Seconday Repiptance:

The effective (referred to primary) rotor resistance is found
Wy uswual short-eireuit test and using the value computed of B, .

R, (referred to primary ) = 1.93 Om.



7.2. ZORQUE - BPEED CURVE:
By simple loading, the full rangs speed- torquws ocurve can
not be determined, since motor cannot develop more than the maximum
torqgue and after that motor enters the wmmtable region. For this Werd
Leonard speed oontrol is adopted. In this the test mmchine is T
by seperately excited d.c. machine, the speed of which is controlled by
another wseperately excited d.0. maching ocoupled to consptant speed
(synoronouws motor) motor - This may aspesd from sxero to syncronous is

obtained. Por ascurecy sake, speed in recorded by sabatromcope.

Since machine dJdraws very high current at low speed and
inverss rotation and cannot withstend it for longer time mso proper

arrangement for extra 0ooling are made.

7.3, RECORDING OF CURRENY CHARACTRRISTIC

The current elip characteristis is yecorded over ths C.R.0.
using the cirouit shown in Pig. 7.4. Yor apesd asignal, a tachogenerator
generating voltage proportional to speed is used and cwrrent being altermating
is fed through a rectifier ‘bridgu to the y ~ Flate of the osoilloscope
bean. The induotance in speed signal and current signal circuits are
meant for filtering any wmdesirabdle alterations caused dus to vidration
etc. Yor the change in apeed corresponding change in current is recorded.
(Ses Photograph Fig. 7.5).

DISCUSSION OF THE RESULTS:

The evidence of fairly good ‘agrnmnt between experizental and
theoritical yesults of current, power factors torque of skewed rotor
industion machine Justifies the belief that not only 1is the theory of
baymonics and skew within its inherent limitations basically sound
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but '.J;CQ that the methods, used £O0r msasurement of machine parsweters
are fairly acourate.

e disorepancy between the caloulated and experimental curves
may be due to the following reasons.

1. In csleulating, 4t bas been sssumed that all the raramsters

are constant, but actimlly some parameters are dependent on the
operating conddtions (@.g., leaksge resctance on current ete)

2. The Iron loss ocouring in the motor could not be properly
accounted.
S Throuyghout, the frictional losses of d.c. machine hes besn

negleeted and that of induction machine assimed oconstant
irreapective of speed.

4. Instriment axxors and errors in recording might have introduced
some deviation in the calculated and observed results,
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CONCLUSION

The performsnce of a induction nachine is consideradly .

affeoted by the skewing of rotor bars. The faot 15 revealed Yy the
comparison of the figures 3.4 to 3.10.

The skewing effects on the constants of the mmchine are very
important as detailed out in theoritical conaldcrat:_loxi of Chapter II,
Except for certain portion of leakage (slot leaknge) sll the other
(narmonic éifferential lealmge) rotor circuit constents are inversely

proportional to the squars Oof skew faotor.

The squivalent oircuit of Pig. 2.14, 2.15 provides an acourate
- pieture of the haysonioc fislds phencmena and of skewing effect in a
squirrel cage motor. Comparison of oaloulated and test results confirm
the usefulness of this circuit in theoritical prediction.

The two sets of calculations carried out with and without skew
angle of the rotor bar shows, that lpinuing or skewing, of rotor
bar ©Of an indwtion motor increases the reactance and arfects the
poxrfOrmance e.g. ryeduotion in starting current; zedwtion in dipe,
peakn of torque - speed curvej redurtion in cusps, improvement in power
faotor; reduwtion in maximm torque; increase in starting torque,
decrease in efficiency and increase in strey load losses; besides reduc~
ing the magnetic nolse and vidrations. MNethods for clearly visualising
and caloulating its effects have been provided which should be immediately

useful in machine design.
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It 4s shown that eome motors, with good relation of number
of slota can as well be adopted without akew as in case of test
machine or any harmful harmonic can bo skewed out by providing a
proper skew (Fig. 6. A, B).

As disoussed in OChapter VI, the parasitic torques and
noisc can be further reduwed by skewing more the rotor bars. After
a certain limit the performance ceases t0 make any substontial

progress but, inoreases the oost of production quite oomparatively.

The test machine i found to be 'Quist' in working sone(high
speed) and 'Noisy' at low speeds, producing bich frequency noise. The
noise being the complex funetion of magnetic flelds and circuit cona-
tants, the exact behaviour of particular harmonis for variable skew
cannot be predioted. However when noise lewvel of 19th and 25th
harmonic decreases with skew, the noise level of 5th harmonic in~
creasecs oonsideradbly. 8o a compromisive wvalue of skew is to be

seleoted in such casea.

It 4o stom (Pig. 6.8, & 6.9) that skewing of 5° to 20°

(Flect.) is most proper xange.
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I~1 AIR GAP PERMEANCE EQUATIONS PFROM CONPORMAL TRANSFORMATION THEORY

REquations derived from conformal-tranpformaticn theory have been
uped by E.K. l‘roeman(g) to caleulate the ahape and hence the harmonic
content of tooth #iprle flux ~density wave from large velues for any

value of /g and © < n/h < 0.8 with the help of electronic

computer.

The confermal - transformation holda good under the follo-wing

assumptions:

a. Curvatures of the surfaces of air gap 4is neglected.
b, Depth of the slot has s0 little influence on the results that it can
be considered infinite, this assumption is reasonable if d> 1.65
See Pig. (I-3).
Pig. (I-2) indicates values of Z -~ plane. The value 'a' is

arbitarily fixed bdut 'b' 45 not independent of a.

‘ After going through the conformal transformation from one plane
to anotheyr the flux density distridbution in a plane is given by the

following equation (See Gibb's book)

(1-w) B

/' (a-w) (b-w)

where w is the mdhpenacnt variable a = 1/b and b is determined by

the equation
‘ ‘Pﬁ-—l - ‘l

The distance along the pole face is given in the form
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)

: ¥ 4 l' 14R - + . 28 -1
= . | e 1es, l?vp log | 3o 5 tan ;-g
* which is modified to ¢
s * R 7 W
x w = |~1log |4%~]s10 + tan (R ) ~0.55
w !- * Jip | ¢ | bep 8 v
2 bew
a-w

The flux density curves taking B ax ity have been caloulated for
different value of w Ddeginnirg from ~t to smaller values. The
values 0of B and x thus computed are then used in a harmonic analyeis
sudb-routine t¢ caloulate the mean value of the flux density and
the amplitudes of harmonics. The egumtion of flux density wave from may

be written from section I-1 and (-2 am

Bald (1+ <= v, Ooavk(x\»vrt) )
=1

where B« average mean flux density.

The extensive results ob.ained by Fresman axe reproduced here.
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(70 CHAPTER IIX)

111 HARMONIC LFAKAGE RRACTANCE OF SQUIRREL CACGE WINDING WITH RESITOT M0

THE _HARMONIC
From squation (1-19) ths amplitude of mth muf wave is

Pa) = 0.9 (2 —— )1

It o' = mxp and B (') --.45m,ﬁ,(~im~)‘ 31431
n‘

)
.1

The corresponding flux is

A R - .........(Z;.. B
ey . 0 a’

It links with 81 k'1m turma so  flux linkege io

| ot &
La qﬂ(m) ¥ Retm
But bamonic leaknge reactancoe is
‘ (gt

I '
st {m ) Qé‘ I'

e X vy »w 2% ¢ -8
s1(m') 1;%—';1 S‘: Ugr =19 Obm / Pmase.

After eimplifying it

Sznjria/[‘h ::25‘:166 Yoin
» ) L)
J -l Z (

Tt (@) = 3 n'
8

Ohxs / phase.
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Simtlarly for Rotor winding » = qz ,12..§ 3'2..,

4
- ----—L:'TI‘ _32.54:10‘8 :’: ____.1..._....

x‘
s2(n*) P
& v,40 (-3- +1 ) °

' Ohm per bar.
Again the consideration of the magnetioc snergy in the gap ylelds a
sinple expression fir the sum, &s fowmd by Liwschits - Garik

123-4('/7‘) <=1

(x,_,_._. 2 w2 Gl -fatead [eala]

18 ;
+ (o-q) -% [(«q)a/q]}
- 7‘51
4 qz
¥here &« = ghording angle of coll w = qoil apan = Pole pitoh
g = Number of slots per pole per phase.
2
and also ' 3 ‘ - ;—;}— [ ;2 - 1]
‘ 2 &8k
Z ( :’3;; + m) X ?‘
w Sin a
c m JR— -
r =T
R
o To(a) = O-80RL, T:’ x 2.54 x m"al' ("')22
P 1" (R Kg)
(!m:l --‘9': -1 —
R n?

Referring it to primary side
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a ny ]2 . Xu(m)

Cse

xa(-) .4[1!:3‘ R

(11 - %)

Considering the harmonio chart (T (1-3) ) , the mth atator
harmonic f£or example R = 5 produces row of rotor harmonics n = 5,29,
39, 63 73 =——=for v, =0, ® 1, * 2 eto. It will be shown in Chapter
IV that any harmonic m produces withh corresponding harmonie n, when 12-0
a torque characteristio of the eame shape as main wave., V¥With respect

to it, all harmonic pairs all produced for diffésent walus of v,
constitute the harmonic leakage. Therefore directly the harmonic leaksge
regctance for permesnce wave can dbe written as

- ) p" .2 xl(mﬂ) -
[ (mp)p o8 (mp) p" ] N . (1152)
8Ky 8 np

x
£2(np)

I1-2 BKIE EFFECT IN BARS OF SQUIRREL CACE ROTORS:

The aim is to give an analytical solution for the skin-effect
in the most used squirrel cage bare. This interests more to us, as owr
problem is directly linked with calculation of Paresitic torques. Yor
this purpose the author is reproducing some of the recent work done
by ‘Licmhita(is) over straight simple buys of aquirrel cage machine,.
Por nniptsncu

8.¢. resistance r
- 2 LW

4.0, resistance Tae
A Bin h2A + 8in 24

Cos h2A «Cos 2 A

(11-4)

“here F A
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and

1

!! - (‘) - a+0. induotanes of bar.

lde d.e. induotance
Yhen (a) = 2E = £ 2 (11-5)

24Cs h2a -0os 24
/ pe. £

hen A=O316h /[ w T/5, (11-6)
where

bb = width of bar
be = width of slot
r, w line frqquenay
h » Height of bar
s‘ = 314p of the rotor of mth wave.
P = Har resistivity mioro ohma per indh. putting the following
values.
bb = 0,2 oms.
bs = 0.2 cme {approx.)
f, = 50cf8
h = 2.0 cos.
8 = ilnity (for fundasental)
Values are tabulated in Table (IX-1)
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APPENDIX _ I1I

SAMPL.E COMPUTER PROGRAMMES ARE IYESENTED HERE

III - 1 _SOLUTION OF CIRCUIT .

¢ ¢ org

3

39

200

41

nximxox r(30), (0%, B(30), 7(30)

W 37T =S 8 I, =3%J $J31 =J2 2
READ 38, (R(KX),6(X),B(K)) X « 31,32 )
voriAr (3 (® 7.5, ¥1.3, ¥1.3))
READ 39, V
YORAT (2 7.3)
3 =0.05 §
#1) =« 5 § 22) = 6.5ts $2(3) =T -6,
T(4) =12, «11.% 8§ B(5) = 132 ~ 12 $ 7(6) « 18.17.%
™7) = i5.2% = 18, 8 2(8) = 24.-23.% $ 2(9) = 25.%s <24,
2(10) = 244=23.% $ 2(11) = 25.% «24. § T(12) = 48.-47.%s
{13 = 49.*s ~ 48,
X1 = 5.0
1 = 5.9
DO 41 I w1, 13 $ A =R(1)/2(x) 83 = (1) +uH(T)
C wA®A+B*B § X «A*0L*GIA0
Y = (A*a*0(1)) +6(1)*8(1)*5/0
XaXtaX $ Y1 =« Yiey §
- D = 3QGREF (X1 *X1*Y1%Y1)
"B =V/D $ T « XI/D
POCK 60, S, X1t , Y1 , B, 7,
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60 PORMAT (P4.2, & ¥ 10.4)

88+ 005 $§ IP(B«2.0) 200,200,201
201  &TOP

END

23

14950 141,250 2,830 600  0.260 0.088 0,460  0.017 0.030
0520 0,020  0.020 0.520 0.014 0,020  O.0750 0,013  0.035
1.0  0.018 0.070 6.0 04261 1.880 6.0 0,221 2,480
1,950 0.261 01,380 1.930 0,221 1,980  1.9%0  0.062 1,360
14930 0.058 1,160

¥V = 254

III -2 SYF. TORCUS WITHOUY OREV

cc 0uPsGARG =~ BYN, TORQUES. W.0. DR
b motou R(20, G(20, B(20, 2(29) , P (23) L(20, (20, E(20)
D0 37 J w 1,5 $J2 w3 § J1 =22
37  H2AD 38, (R(K),G{K),R(K),K = 1, ¥2)
38 ronr (3 (3P 7.0))
39 READ 36y (L{I) 1 = 1,.15)
%6 PORMAT (151 3)
D049 ¢ m1,2 $J2 = 11%5 $J1 = J2 =10
49 RAD 48, (2(X), I = J1, J2)
7] ot (7 (22 4.0) )
8 = 1.06
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102

40

60
61

1.930
0520
1.0

1.330
0.900

0.955

«955
«208

012
oxt

2(1) =8 $7(2) = 6. -5."8

£(,) = 12, <118
2(7) = 19.%8-18,
T(10) = 30.-29:%8
2(13) = 37.%5-3%.
DO 40, I = 1,15,
B = 0(®) +B(1)

¢ 2(3) e 7. *5-6.

$ 2(9) =13, * 812,
$2(8) = 24.-23.%8
$ 2(11) = 31.%5-30.
8 1(14) 42.-41,%5

B(I) = 1,91 x10° * %(1) *Z(K)*D /AK
B(16) = 0.0
J= 1,2 $32 - 841 w2 o7
PONCH 61y 5, (B(X) , K = J%, J2)
PORMAT (P 4.2, 8 ¥7.2)
17 (5 - 0.97) 100,100,101
101 5 = 0.97

0 60

60 10

102

100 EI0F

D,

0.020
0.018
0.008
0.002

208

«205
«126

r(x) o(x) , n(x)

141.250 2.830 0.800
0,020 0.%20
0.070 8.0
0.296 01.020
0.255 1.210

£(1)
«157 «126
57 «126
« 157 «955
u(x)

010

014008 016 O O17 004 o118

DAZAR
0.260  0.054
0.014  0.020
0.261  1.880
0,004  0.430
0.002 0,100

126 157
126 o157
205

130

' f(‘) -!3.-1.."
$ 7(9) = 23,7824,

8 2(12) w36.=35.%s .

0.460

0,750
6.0
0.300

1.980

»205
2.5

$ 2(13) mi3.*5-~42.
8K «IX (1) § AKX =K 8 A= R(X)2(I)
$C o A%A +D*B  § D » 06(1)/ScRTP(C)

0.017 0,038

0.013  0.03%
0.221 2.480

0.002  1.887

0,004 0,114
«955

955

2 019 00t (R0 003
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