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ABSTRACT-

An accurate assessment of the resonance frequencies of stators
is essential for designing a quiet electrical machine. Also, detailed
information about the vibratlon characteristics of the stator 15 of .
much interest, :

In the newer constructlon of stators the stator-core is
encased tightly in the frame. This construct1on is considered to be
simpler and more economical as it eliminates the use of ribs between the
core and the frame. An analysis, of a general nature, for the .
determination of the various resonance frequencies and mode shapes of
s tators having encased construction is presented in the thesis. As
the general frequency equation is derived on a three-dimensional basis,
it delivers information sbout not only the radial vibrations of the
s tator but also about torsional and axial vibrations. In addition, the
flexural vibrations along the machine-length are taken into account in
the analysis. The validity of the analysis is confirmed by experimental
results which were obtained from the literature for stators of small as
well as of large machines.

A detailed study of the vibration character1st1cs of a represent-
ative stator is carried out and the results are presented in a general-
ized form. The advantages of the encased construction of stators over
the conventional canstruct1on from the vibration cons1derat1ons are
discussed.

Finally, the valld1ty of the simp11f1ed ftequency equatlons, wh1ch
. aye der1ved from the general frequency equatlon, 15 checked

This research has been supported by the Nat1ona1 Research Council of
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1. INTRODUCTION . L

1.1 General Review

Noise .has becoin‘e a serious threst to the well‘ ,
-being of everyone of us. It is with us everywhere and all the time.
‘Altﬂougﬁ there is‘erconspicuous'oisagreement.among investigators on the
psychological and physiological effects of noisel, there seems to be,
nevertheless, substantial evidence that noise reduction has an overall
beneficial effectz‘ 7- In this regard the reduction of vibration and .7
noise has become‘very 1mportant.1n rotating machines for both commer-

cial and military appiicationsz'

In the case of naval vessels, audible
-no1se limits the effective range of sonar and 1ncreases the danger of
detection. In 1ndustr1a1 applications, low-nbretion ‘motors are
essential for ‘machine tools to produce finer to_iermees of finished “
.products. In -air-oonditioning and refrigeration equipment , "g'rea't_‘
‘efforts a_re put to miriimize the noise trarxsrlitted b} structure or by
‘air. Also, incii;s,try 15 ‘becoming aware of the risks to the ear and
'hearingof wor'k'e'rs‘ and of the time 'wasted ﬂlrough i_ﬁtorrup‘tion' of
coi;m'umication which may occur in an e‘rivironment of high noise-leve1s’4,

Due to the-innumer'able'-applications of eiectriéai-mechines',' ‘the-
study of noise produced By them forrls an. imbortant e'onsider'ation.' Electrical
machmes of all sizes are frequently sources of mpleasant noises of
mechamcal aerodynamical and electromagneuc originss -7 'Ihese noises
are produced by bearings, ventilatmg fans and magnetic field present in

the ai_r-gap of the ele_ctrical machine. The continuous. increase in the

applications of ‘electrical machines, these days, has resulted in. 2
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:growing awareness of n01se problems in electrlcal machznes. Itfts now
becomlng necessary for machlne manufacturers to make the1r machlnes
‘qu1eter than those of the1r compet1tors. For a de51gner' t has ‘become
essential to be able to pred1ct accurately the noise productlon of the

_ machine under des1gn6' This is especidlly 1mportant in the case of -
‘large mach1nes, where it is 1mpracticab1e to bu11d a prototype model
and ‘it is expens1ve to. apply means of external noise control. 'Further-r
‘more; under the economic pressures which-character1ze N productlon
nawadays, manufacturerS'try by all meaﬁs to keep'the'volume of the*
electr1ca1 mach1ne as small as p0551b1e for a speC1£1ed ratings | Thls
means a maX1mum exp101tat10n of the materxals involved for example, '
u51ng higher flux and current den51tles etc, 'As a result, the
amplltudes of the excltlng magnet1c forces exerted on the different
machlne members increase con51derab1y and, therefore, therelectrlcal
,.machine tends to be cons:derably noisier. :

It is a well-known fact that a small 1mpressed force ceuses ‘

- excessive ‘vibrations in a structure if this structure is nearly in-
resonance Wlth the impulses. Accordingly, the varzous exc1t1ng forces
act1ng on the stator and rotor of the electr1cal machine may produce
ob;ect1onab1e noise and excessive v1brat10ns when the frequenczes of the
exciting forces are equal to, or near, the natural frequenc1es of the
‘members of the machlneiconcerned,_ The v;brations,and c&nsequently.the
noiseQIevellproduced by an electrical machine can, therefbre,‘be |
reduced tc a large extent by modifying the construction and dimensions of
rthe members'of,the machine:in such a way that:theirrmedhanicalrresponse

to the exciting forces is diminished. .The determination of the resonance
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frequencies and viBration characteristice of the differeﬁt'pertsrof an
electrical ﬁachine is, thus, of much importance in relhtien to hoise
reductidnﬁ'zo. |

In the newer construction of the stator, wh1ch is used for
mach1nes of small and medium power capacit1es these days the stator -core
Eelencased tightly in the frame. This construction eltm;gete;mtbe_gaewof‘
| ?ibs_b?tﬂﬁeﬁ_thé steterfcore”epd.freme. and is, therefore, considered to
 be simpler and more‘econemical“"A‘détaile& study of the-ViBration character-
istics of such a stator is therefbre,very much desired At the same time,

,this stator model is su1tab1e for the 1n1t1at1on of a rlgorous ana1y31s .

for the,eeleulatlon of the different resonance frequenciesrof stators of

',1e1ectriea1 machines. It is the aim of this thesis to contribute towards

‘the effort in reduct1on of no1se in electr1ca1 machines in general by '
évolving an analytlcal method for the determlnation of the resonance .
frequenczes of such stators and present1ng an extensive study of ‘their

vibratxon characterlstlcs.

1.2 Comments on Published Literature

'Although the‘importance of the mechanical responselof StetOrs of .
_electrical machines in the problemrof npise_was '--"reelized_allong |
‘time agoﬁ’g, little attention has been paid-tO'it by investigators
Probably the f1rst one - to 1nvest1gate the problem of mechanlcal Tesponse
of stators of e1ectr1ca1 madh1nes was Den Hartog}o’ 7 He consxdered

only the £rame and neglected the stator-core on the basis that the frame

usually emits a larger portion of the total noise. Whereas, this can be
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'oertially true:when deeling with  the problem: of-calculeting'the
electromagnetic acoustic noise emitted by the electrical machine,‘it

is not the case when one attempts to. calculate the resonance frequencies
of the stator. |

12 16 17 19 considered the

On the other hand, several authors
: ribrat1ons of tﬁa=statorhcore alone because it is subjected to .
_electromagnetic'forces. Stators of electrical machines, in general,
are more complicated than a single ring; - An outer frame is usually
prov1ded to support the stator -core, .In the nodern construction-of'
electr1cal mach1nes, ‘the thickness of the frame 1s, generally, kept
snall In recent mvosugatwns15 18l20, 1t has been observed that the
frame can play a very important Tole in the problem of noise production
in electncal machines. Consideration of the frame is, therefore, very
'.1mportant in any 1nvest1gation related to the problem ‘of noise in’
electrical machines.l_ ' | 7 |
B Although the 1mportance of the effects of the frame was realized

a long tlme ago, no published work dealt with the actual construction of

hstators of electrical machines until 1955, Erdel)n13 -15

treated the -
stator as a'two-ring S?Steﬁ with radial and tangential‘ribs‘inébetween
For . the sake of 51mp11c1ty, Erde1y1 assumed ‘modes of 1nextensional |

nature (Wthh means that the length of the midsurface ‘of the v1brat1ng

- rings does,not'change by deformation). He considered the effects'of
the-stator—teeth and winding by only a&ding their‘maSSeslto'the mass of
‘the yoke.' In addition, he treated'both core and frame as thin rings.

As a metter of fact, the stator-core has been treated in'the'same'maﬁner'

12- 17

inrnostsof the-analySes.available in the literature ‘As the ratio

N

Ny
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of the thickhess of the stator-core to its mean radius may well exceed
the value 0.2 in the case_of turbogeneratore, soeciai low-noise machines,
machines of sma11 capacities, 2-pole medium-sized mechihes and several
other types of machines, the assumntion of athin-shell may lead to con-

srderable errors in ‘the results 18

Recently, as an extension of Erdelyi's work Bllison and Yang18
calculated the natural frequencies of a.stator having a thin frame
coupled solidly;through.key bars to a thick ring 10aded with teeth‘and
windings, taking into‘aocount bendinéQ shear,hextension and‘rotary
:_1nertla. - L ‘ |

It may be mentioned that the studies of Bllison and Yang as well
as those: of Erde1y1 and all others are coufined to the lowest resonance
frequehoy of a mode of deformat1on. Moreover, the enalyseS‘ere limlted
- to  plane vibretiohs oﬁ1§ tinvolving'radial and;tengehtiel componente |
of displacemeht).' In other'words; the'presence of eXiai vibrationS‘hes '
been'ighored. The stator of an electr1ca1 machzne 1s subjected not only
to radial end torsxonal vibrations but also to ax1a1 ones 21, 22 thllf"
these vibration components may be excitedisimpltaneouety during"t"
maohine operation. | |

10-20

Further, in the analyses avallable 1n the 11terature, the

authors have invariably assumed that the ampli tudes of vibrations of
the stator are unifbrm along the machrne-axls. However, this’ may not
be the case in mach1nes hav1ng considerable length e. g in turbo-

generators ’9. Moreover, in the presence of skewlng, the distrlbutlon

‘13, 4
of the magnet1c forces along a generatrix is not unifbrm 1 F

these considerations, flexural vibratlons of the stator along a generatrix



are of much interest.
In the case of the convent1ona1 constructlon of stators where
the stator-core is supported by the fTame through r1bs, it has been

13-15,18 that the frame creates‘additiOnal resonance frequencies.

noticed
In addition, the presenee of the fraﬁe may lead to an increase in the
noise-level of'the=machine by 20-30 decibeiego Altheugh'these‘ |
disadvantages from the noise comsiderations have eeen known for a
leng time, the conventional cehStructiOn of stators is still widely
used | Unfortunately, very little infbrﬁation en”the vibration
' character1stics and 1nf1uence of the frame in the case of an alter-
nat1ve construet1on is. available in the publlshed 11terature There
| is, therefbre, a need fbr 1nvest1gat1ng the v1brat10n behav1our of -
stators of alternative constructlon. _ R e |

" For this and for theireesene méntioned before, it is felt
thet,an analyeis'of a geherai neture based:On-threeeaiﬁeneienel
con51derat1ons 1s requlred for the determlnation of the various
resonance frequenC1es of a stator of encased construction. In the*'
publzshed work, very little information about the vibration hehav1our ,

of such a construction is aVallable
"1.3 The Problem -

To design a quiet electrical machlne, one requires complete
1nfbrmat1on about the vibratlon characterlstlcs of the stator of the
machlne_under‘cens1deration. The object of this the51s.is-to-develop a

suitableranelysis-fbr the determination of the various resonance fre-
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quencies of a stator having encased constr_uction, in which a thick stator
-core, which is loaded with teeth and windings, is encesed in a thin
-frame The ana1y51s should take into account the variations that may be
present in the amplitudes of vibrations along the machineolength and
also provide information not only about the lowest resonance frequency
for each mode but also sbout all ‘the possible resonance frequencies of

the stator. In contrast to the previous work10-20

' the stator V1btat10nsr
should not be considered as plane vibrations only; but also'axial -
vibrations should be taken into account. For the investigations of the
"v1bration behaviour of the stator, the solutions presented should be -

Vgeneral and applicable to any arbitrary values of the physical parameters

and dimensions of the stator.

1.4 Brief Description of Contents

‘, The thesis consists mainly of;two-sections.u‘The first Section
deals with‘the'deveiopment of the analysis for the free vibrations of
a stator having encased construction. The second section conteins a.
detailed'studf of the vibration chaxacteristics and;mechanical'response
of such a stator. | o | " 

| Before actually developing the rigorous analysis for the deter-
-mination of the‘resonence frequencies and vibration characteristics, it
“is-edvisable that the different aspects‘of the:probiem-of:electromagnetici
noise in electrical machines be considered closely. infthis connection,
it is essent1al to discuss the nature of electromagnetic force excitations

which are usually present during the operation of an electr1ca1 machine.

In the study of the noise problem, the response of the human ear is  a



crucial consideration. |

Afcer discussdng the different asnects of the-electromagneticr
noise oroblem in electrical machines; an analysis for the calculetion.
of the various iesonance frequencies and mode shapes of & stator having
encased constfuCtion is develoi)ed The exact equat1ons of motion’ are -
used to descr1be the motion of both core and frame and the effect of
teet_'.h and windings is taken into account in a general manner. The
- approach used in the present analysis is different from the verious'
epproaches adopted in the Ioublished literature. In. spite of the
rlgor of the present analysis » an effort has been made to denve |
| the solutions in a 51mple and stralghtforward way

After der1v1ng the general frequency equation, 5pec1a1 frequency
equations are der1ved from the general equatlon foxj the ca_,ses. of equa_l
emplitude vibrations along i_:he"‘madiine-length and/or -elong the'mech';ne-
circumf_e'rence. . Por ;the:'l.:‘ui'[oose of reducing the calcn;ation effori:,- three
‘different fynes of simblification are Sei)arateiy int'rodnced in the
general frequency equatlon and the validity of these simplificatlons
is checked on the stator of a typ1ca1 induction motor

“ For confirmation of the validity of the analy51s Contained in
_‘th1s the51s, comparisons between the computed and measured values of the
: resonance frequencles of some typ1cal stators of electr1cal mach1nes,

havmg different constructions and power ca.pac1t1es-, ‘are drawn. - It is
13-15,18

felt that the usual practice of testing theones on a singlo model

16 19 In

or on models of nearly the same power rating, is inadequate
addition, a detailed discussion of the agreements and errors existing

between the calculated and measured values is included.
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" In order to obtain tne vioration characteristics‘of stators
of encesed construction, many;frequency calculations-heve-been'dene
for.a renresentative model‘ The parameters of the chosen model are
realistic for small, as Well as for medium and large electrical
machines.- The frequency Spectrum, mechanical reSponse and mode
snapes are giren and discussed in detail. As a matter of fact, Such
; studies have not been considered 1n the published literature even -
rfor.stators of the conventional construction.

Finelly,‘the advantages of stators of encased construction o
over those of conventional construction from the v1brat10n point of
-v1ew are pointed out | | |

Four appendices are given at the end of this the51s. Appendix-A
describes the ‘solution for the general frequency equation whlle
'Appendix-B describes the technique of calculating the various resonance
frequencies—of the stator from the frequency equation derived_in thzs
thesis. Appendix-C gives the derivation of the f£requency equations for
~ the special cases, and Appendix—D gives the derivation of the factor
.which takes into account the effects of teeth, windings and cooling ribs.

It may be added that F maJor part of the work reported in. this

thésis has been accepted for publication63 -65
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2. THE MAIN ASPECTS OF THE PROBLEM OF ELECTROMAGNETIC

NOISE: IN ELECTRICAL MACHINES

Iﬂ_geﬁerni, an electticel machine is a source efrnoise because
the main membets of the machine are subjected to petiodically varying
pforces}' Among the three different types of noise produced'ih'electriCal
machines (ventiletion‘noise, bearihg noise and'electrOmagnetic hoise2’§’7);
the electrcmaghetic noise is the one which is produced by the forces
created-by the magnetic field_preseht‘in the machihe.riThese forces
cause Qibraticne in the vaiious parts of the machine. The amplitude of
such v1brat10ns does not" only depend on the amplitude of the exciting
- forces, but also depends on the mechanical response of the various o

6,7

machlne parts to the excit1ng fbrces With large amplltudes of
v1bration s the noise emltted from the mach1ne is hlgh In add1t1en;
the loudness of the machine-n01se does not only depend;on:the eﬁpiitﬁde
of vibratioﬁs but also depends on the physical respdnee'ef the human
ear3‘§'7;' The‘probiem of electromagnetic'noise-ahd Vibtetiens‘infd'
'eiecttical machines intoives therefore, the complex interérelationshipsi
: between electremagnetic forces produced in the machine, mechanical -

response of the mach1ne parts and phy51ca1 response of the human earz.

In the‘fbllowlng, the three main aspects of the prdblem are_discussed.

2.1 Electromagnetic BExciting Forces

Noises of electromagnet1c or1gln appear at different frequenc1es
depend1ng on the eXC1ting fbrces. Here, the mechanism of the productlon

of the main electromagnetic forces in the machine, together w1th the
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mode shapes and frequencies of the vibrations caused by these,forces,
are discussed, Although the discussion will be restricted to the
three-phase induction motors, the electromegnet1c noise problem in the
other . types of electrlcal machines is not very much different. |
“ The electromagnetm _forces created in e_le,ctrical machin_es,._
be classified into two major categories. ‘Those forces which are |
' generellyopresent lﬁ an\electrical machine are cOnsidered as . one
'category, while the forces which are created only-in the presence'of c
asymmetries (magnetlc, electrical or mechanical) f£all into athher‘

' category.

2.1.1 Forces produced in the absence of asymmetries

2 1:1. 1 The. fundamental force-wave produced by the alr-gap nagnet1c field
Due to the presence of the magnetic field in the alr-gap of the

mach1ne, a radial force proport1onal to the square of the field denszty is

created12

This force has the. tendency to mutually attract stator and
_‘ rotor To illustrate this, Fig. 2.1 is given Wthh shows the developed |
| a1r-gap of an 1nduction motor with the flux-wawe over twe poles. _

As the flux is sinusoidal, the d15tr1but1on_of the force in the
air-gap has a constant component and a sinusoidal component having twice
les‘maﬁy cyCles'asrthe‘originelffieldi‘,The'first.COmponeot is uniform
around'the‘peripheryzand'so itiprOduces'a'tangeﬁtial”combressiohﬁin the
statorlleminetlons'and-remeinsuconstant at 411 times.ahd, therefore, has

no effect on noise productlon On the other hand, as the flux rotates

. in the air- gap at synchronous speed, the 51nusoida1 component of the

force rotates with the same speed. As a result, every point on the -

stator and rotor W111 be subjected to a per1odic force with 2p cycles
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\ ,
p=number of pairs of poles
Dabore diameter
f§ -
B _force.wave
9 , o
2 ,_ rd
ol .
i
% | S
- average -
) 4 - force L ‘
S JL N\ _alr-gap axis
: '\5“ flux-wave

Fig. z;;.5gggia1 ﬁagnetic flﬂk and fb;cé,uavvs

per ;é#olution for arzﬁapole machine.. Under théieffect of sucﬁ a
force-yave,.tﬁé stator is defbrmgd inpo the shape of g rotating pﬁttern
haviﬁgEZp ipbes. In this casé, it can be easily seen'fhat everfipoint
-of théistafor wiil vibraté'ﬁith douﬁle thé.subply frequency. On the,othér ,
hand  , the rotor does riot ; usually, show any appreﬁiable;response
to such;é fo;ceAbeﬁguse of its highly stiff cqnstfuCtion. |
2.1.1,2"Thé effeéthf magnetostriction | | 7

- It is well-known that when the steel used in-eIecfrical machines
is magpetized‘it éxPands‘véry'slightly alﬁhg the axis of'magnetiz#tion.'
Hence, aféun& the periphery of the stator-core, the lehgth of ant#rc
 increases and decreases as the flux-density rises and falls. As the
maénefoStrictiVe effect does not depend upon ;he direction of the flux,,
the pattérn qf the magnetostrictive-qxpansionfwill ﬁawe‘zﬁ cycles grqund

the periphery of the stator-core in a 2p-pole machine}; This.patfern}
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- rorateslwith the field, causing very small vibratibnsTin.both raaial and'
tangential directions. Consequently, a point of the stator-core will
vibrate with a frequenci.equal to double the supply frequengy}?, ‘AS the
resulting vibrations are extremely-small"the magnetestriction-effest
does not play an important role ir the production of noise in rotating

‘electr1ca1 machines. 1In contrast, magnetostrictlon-effect is one of the

_'main considerations in the study of noise produced 1nltransformer56.

2.1.1.3 Forceéwaresrproaucea by rhe.harnoni;”fiei&s in tne"air-gap

_As‘it is well-known, the airegap field is_at no insfant_&istribd
uted accerding“to a simple sinuSOidal wave. Also,‘the*distributian' |

23’24. This is-equivalent to saying that,

lchanges as the field rotates

in addition to the fundamental fleld there are other fields with other than

the fundamental number of poles and some with other than the fundamental

_ frequency | | - | o
With'allnthese harmonics, the ra&ial comnonent of the air-gap -

flux-den51ty can be expressed in the fbrm of a series of trigonometr1c

_ functlans as followszsz

B = E B Cos (pkx’; wkf_+'ek)” B C ‘f “'7.;;. (é 1
' where, pk 1s the number of pairs of poles of a g1ven sinu301dal com- .
ponent, w is the corresponding frequency and ek is the general phase N
jd1fference angle The summation is made for the several necessary o
values of pk and wk - In equation {2.1), x is in mechan:cal degrees.‘f-

As the radial force resulting from the presence of such a field
is proport1ona1 to the square of the field density- B: at_a g1ven point, |

then the expression for the radial force between[tﬁe-stator and rotor.
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~will have the following form: _
‘ : -2 - .
- F = C {ZB, Cos(pyx - wt + Qk)} g ] '...;_(2.2)
where; F is the radial force and C is a constant which differs according
to the system of units used.
 The expressxon of the force F , equat1on [2 2), can be- expanded

|
|
|
1nto a series of sinuso1ds, ‘the general term of which has. the form ' ‘ |

.th = CB B Cos(p X=w, t+6 )Cos(p X-w, t+6 )

CB B

[Cos{(p -pn)x-(m -0 )t+(0 'y )} -

| + C_os{ (pm‘#pn)'x- (wm-"_b)n) tf(em"'e‘n) 11 e (2,3)

from thié ﬁenerai'enpression'of ﬁhe force (which resultn'from
the'presence of two'fiéldg having pm andrpn pairs of poies.and'fte;
qhenéieé of d dnd‘mn; respectively) it can be'fbund'thatzsz |
(1) Any two fields having same number of poles and different fre- |
quenc1es give rise to a rad1a1 fbrce with no. poles, which means
un1form force around the periphery The force produced . in this
case tends to distort both stator and rotor in a zero-mode,
| which is gene;ally tetmed a breath1ng mode, with frequency "s--
_equal to thé différence between the f;equencids df thg twolfields.
The effect of sﬁch a fofce'is, dSually, df‘négligibld'imppftdnce
" with reference to the rotor diue to its very st1ff construct1on.
(ii) Any two fields differing by two poles give rise to a force of

o two poles tending to displace the rotor and stator as a whole in

l. a beam-type_motion. ‘This type of vibration is usualIy very_1m-

pbrtanp:fbrAthe consideration. of the noise produced by the rotdr26.
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(iii) Any two f1e1ds dlffering by four poles result in forces,
_'balanced across any diameter, which tend to distort the stator
into a rotating ellipse and whose frequency is eqdnl to the
differenée betweeﬁ the freqﬁencies’qf the two fields.
(iv)fAhy'tﬁo fields having poles whosé sum or.difference_equale.
aﬁy given number g>4 result in a force whieh‘tends to distort
fhe stator or rotor into a.rotating pattern heﬁing g/2 lobes.
eDue te the fact that the mechanical response ofrthe stetor
-decreases with the'increase of the complexity ef the mode of
,7v1brat10ns 11mited attent1on is usovally glven to modes of
h1gh orders. | | 7
| (v) A 51ngle f1e1d having 4 poles tends to dlstort the stator or'-
.rotor 1nto a rotat1ng pattern hav1ng g Idbes. The noise : com-
ponent produced in this case has a frequency equal to. double
© the frequency of the field producing 1t. |

"Effects of the slot-combination

In order to show the relatlon between the slot-combination of the
'maChlne and.the-noise-behaviour, the.a1r+gap in:an-1nduction motor will
be considered smooth for the sake of simplicity. Also, it will be | |
assumed that only tﬁe fundamehtal and the slot harmoni cs of both stator
‘and rotor fields are present in the - air-gap f1e1d Aécordinglf; the
‘a1r-gap field will have the fbllow1ng form12 . B |
B = B Cos(px—m t)+B Cos[(S-p)x+w t]+B Cos[(S+p)x-m t]

+B COs[(R-p)x+w (1- -(;sl)t]-rs Cos[(R-bp)x-m (1+ —(11,—5)91:]

oo (2.4)
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where; Beis the eir-gep flux-density, 31, B,, Bs; B, and a#'éfe the
amplitudes bf ti\e various field compohents. § is the number of sta‘tor' '
slots, R 1s the nunber of rotor slots, p is the number‘of‘pairs of

. poles, s is the slip, w, is the supply frequency and t is the time.

The force-wave resulting from this field is: '

2 _
Fa ——{1+Cos(2px-2w t))+B B4Cos{(s R+2p)x&w ( -L-—;L 2)t}

+(B B +B Bs)Cos{(S—R)x4w (-Ll—élat}+8 Cqs((S-R-Zp)x |

+ws(5115519+2)t}+ terms of ﬁiner importance ' ceae (2,5)
2 S | |
The El-term is the. fundamental force-wave “having 2p pairs of poles

and double the supply frequency The other three terms are force-waves '

having (S—R+29), (S-R) and (S-R- 2p) pairs of poles and frequencaes of
dﬁgi;) - ms, -Llng and (-£&—§)+2)w H respect1ve1y It is, therefbre,

advisable that (R-S) and/or (R-Stzp) are kept as large'as possible in

order to achieve a quieter operation of the machine12?27'29,

2.1.2 Forces preﬁuced due to asyﬁeetries

The*preseﬁce‘of electricaié methanrcal or @agnetic asymmetriee |
produces several noiSe'companents in addition to those already preSenti k
The most 1mportant cases of asymmetries will be dlscussed 1n the fbllowing
| 2.1. 2. I Force-wawes produced by eccentr1c1tyf |

In des1gn1ng electrical machines, it is necessa{y to allow a8
dlmensional tolerance on every part required for the manufacturing

Generally speak1ng, the greater the tolerance the lower is the
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manufacturing cost >

. In electrical machines with a small air-gap, as

is the case with induction motors, slight Variations in th,e' dimensionsof
the stator,rqtor, end shields ahd bearings may lead to a considerable
variation of the air-gap at different angular positions between stator |

and roior. This non-uniform air-gap will give rise to unbalanced magnetic
pull and consequently additional no1se3° 36. As a matter of fact, there

are sQVeral types‘of eécentricitiés, which y111 be discussed in the
following. | o -

2.1.2.1.1 Case 1 - rotor is not exactly centered in tho stator-bore and L
is stiff ' : ,

Any rotating mach1ne in wh1ch the Totor is not exactly
centered in-the stator-bore will have an unbalanced magnetlc pull between
'the stator and the rotor, tend1ng to pu11 them together on the side- that

has the smaller‘alr-gaprhaving greater flux.density, Fig. 2.2, As the

Fig. 2.2 Machine with eccentric rotor



18-

magnitude of the pull will be different for different'positions‘of‘the
: poles‘ of the f-luz-wave-, the side-force will thus go throu‘gii cycles of

;33 36 that when

var1at1ons It has been proved in several pubhcatmns
the Totor is stiff the stator as well &s the rotor will vibrate as a |
_ thole with a frequency equal to twice the frequency of the supply. _In_ 1"‘)‘
'this case, tl"ne inequality of the nir-gap staye constan.t, that is, the
s tator and rotor do not move sideways relatlve to each other under the

1nf1uence of the fbrce.‘

2. 1 2,1. 2 ‘Case 2 - rotor is not exectly centered in the stator-—bore a.nd
. ~is not stiff :

1£ it iS“supposed that the rotor movesﬂto the‘rightgunder the
influence of the elastic restoring forces of the shaft, as the mlbalenced
| magnetic pull_l to the. left on the rotor diminishes to__a.‘mininm.m-then,.side- |
to-side vibrations of both Stator and‘rotor of a frequency oqual;to the -VLQ};'
supply frequency will be produced | |

2. 1 2.1.3 Case 3 - rotor is eccentric with respect to the shaft, and
‘ - bearings are concentric with respect to the stator

Th1s 1s usually called the rotatlng eccentraczty because in this :
case the rotor starts‘wbirling.and a rotat1ng eccentriclty;is-formed._
The frequency of the noise produced due to such eccentricity is'equal ‘l5VQ>f
‘to ‘twice the sl1p frequency and the~associated vibratlons are character-
1zed by a side- to-51de motion33 |
2.1 2.2 Force-wave produced by dynamic unbalance T

In some cases, the rotor is dynamlcally unbalanced-and at.the'same
time it is not perfectly centered in the statorebore. Accord1ngly, two

forces are present, one is electromegnetic (unbalanced magnetu:
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pull) and the other is mechanical (dynamic unbalance-force). The
direction of the first is always'fowards_the point of‘tﬁe minimum air
-gap,:ohile the direction of the second force rotatesfﬁith'the rotor

and is in the direction of the mechenical unbalance. The cbmbinafion-

37

of these two forces produces a noise of slip-frequency VSVJS-

2. 1 2 3 Force~waves produced by electrical asymmetries in the rotor

Electrical astmetries in the rotor, such as a defective bar, are
a soufce.of additional electromagnetic noise COmponents. The presence 1 LJ;L;
‘of such-an asymmetry resuits in an asymmetrical field distribution'in _ ‘leos
lthe air-gap. As the defective bar‘rooates with the~rotor,'a'noise =
very 51m11ar to that produced as a result of rotating eccentricity will |
be produced37 |
' 2 1.2.4 Pulsating Torques 7
The presence of electrlcal or magnetic asymmetrxes creates various

,pulsat1ng torques of different amp11tudes and f’requencies38 39. These

torques.may,cause structure—borne noise of considerable'leveizss The'

puiSatiog torques may also play an important role in the production'of |

air-borne noise. '

12.1.2.5 Axial forces R
rIn-induction motors with skewed slots, the fiux'density is not

‘uniform along the machine length. This results in a-non-oniﬁorm'dis-r;

tributioh'of—magnetic energy;sioog'a generatrix, Consequently, the

2 Also, in the

rotor as well as the stator experience axial vibrations
presence of skewing, the values of the permeance at different voints -along

the "> ‘machine length are different and, accordingly, the stored magnetic
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energy in the air-gap of the machine is non-uniform along a generatrix.
Thus, additional axial vibrations are producedzzi |
| Moreover, an aﬁial'disolacement of the rotor due,to anyrreason
(like axiel-forces produced by skewing, imoerfect_ievelling of the
shaft, the pull of the ventilating fan, etc.) resulte inrchanging the
alignment of fhe-euds of the staoor-with the corresponding ends of the
rotor,‘as well as thefolignueut of the edges of the ducts of rotor and
stator. Consequently, both rotor,end stator exoerience two additional
ax1a1 forces21 7 | |
Slnce the'torques produced in electr1ca1 mach1nes are due to

f tangent1a1 forces perpend1cu1ar to the stator and rotor slots, there-
fore, in a machlne Wlth skewed slots, these forces w111 have a
'.component in the axlal dlrection. The resu1t1ng axial force, 1n'-
this case, is proportional to the torque end'engiojof‘skewingZII

Fromi the aboue diécussions.'it‘apoears‘thatlﬁhelrotor'and'

‘ stator may be subJected to considerable axial v1brataons dur1ng ‘the
operation of the machine, especially in the presence ‘of skew1ng. It
may also be mentioned that the frequencies of axlal v1brations of a-'
macuine couldilie'Within,agbroad_range-of-frequouéy.

2.1. 4 “Numerical example | | .
‘It is now opportune to determine, in a general way, the range
of: frequency of the exc1t1ng fbrces _encountered in a typ1ca1 electr1cal

machine. To 111ustrate'this, a 40-kW, 4—pole, three phase squrrrel

-cage 1nduct10n motor, with 36 slots in ‘the stator and 30 slots in the

rotor, is ohosen., In this machine, the main force-waves produced by the
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magnetic field haimoniCSl(equation (2.5)) arevthose having 20, 12 and

4 force-poles. The frequencies of these force-waves are [15(1;51-2]ws,
15(1-5):»s and [15(1-s)+2]m5; respectively; ‘As-the response of both
‘stator and rotor to the fbrce-ﬁaves having higher modes:is nsdaliy very
small, only the second and third force components will be considered '
important for the production of noise in the machine under consideration.
Besides, the consideration of additional field harmon1cs shows the
presence of other force-wawes of modes'havingrO,Z,d, etc; force-poles.

With referencerto'the previous discuesion in connection witﬁ the
different noise components produced in electrical machines, in’ the ab-
.sence as we11 as in the presence of asymmetries, the tone-frequency
lines of the noise emitted by the motor under con51deration are Obtained
as shown in Figs 2.3 and 2, 4, in ‘which the variation of the frequency'
of the various ‘noise components together with the mode shape assoc1ated
with ‘each component is given against the slip . of the ‘motor.

With the help of Figs. 2.3 and 2.4, the frequencies of the im-
portant exciting'electromegnetic-forces;~Which‘may‘be experienced by the
rotor and'etator”of the mbtor'onder consideration‘at e-slip of é.ancan
be found. The frequency-spectrum is shown in Fig. 2 5. In‘this'
-iexample, the supply frequency is considered to be 60 Hz.‘ It shbuld be
noted that the frequenC1es of the pulsating torques the axial forces,.
‘ forces hav1ng more than six pairs of force-poles and forces produced by
the eir-gap-field'harmonics due to - the VariatiOns in reldctence,of
the air-gap of the machine, are not incloded'in Fig.,i;S for.the'sake of
brevity." | g |

It is observed that the frequency-spectrum of the noise produced by an
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electrical machine sprende oyeria fairly wide :enge- In addition,
both stator and tetor are subjected to various modes:of vibrations.
2.2 Mechanical Re5ponse |
In order to explain the 1mportant role which the mechanical
response of the machine structure plays in the problem of electro-
' magnetic noise in electrical machines, a simple v1brating system as

shown in Fig. 2.6 will be considered. The system consists of a mass

m, a spfing of stiffness k and a viscous damper of damping coefficient c.

-1 ,

7 Su

é M"If m , —p Fecosm t
7 -

7 Sl

Fig. 2.6 A simple vibrating system .

The system is considered to be subjecte& to an external sinusoidally
_ varying force of amplitude F and frequency W
Applying the law of motion for a rigid body in translation, the

equation of motion can be written as:

mx + ex ¥ kx = F Cos Yo t

From this equation, the fbrced vibrations (steady-state vibrations)
in the system in response to the exciting fbrce F Cosm t will be also

51nusoida1 in nature with frequency equal to the exciting‘frequency. The .

amplxtude of the vibrations can be expressed as49 S0,
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where;‘wn = natural frequéricy‘ of the. systemoE.

e damping factor = e

m
d 2‘r

amplitude of the vibrations of the same system TF“" _
corresponding to statlc applicatmn of the force = i— '

tad
a
1}

In Fig. :.2.7.,‘ the amplitude X of the steady-state vi.br'ations',isl

shown as a function of the frequency ratio ?“2 for selected values of the

damping ra;is UPT

The figure -shows the well-known\fai:t that a su‘l'alrl impressed
force causes excesswe vibrations in a structure if this structure is.
nearly in resonance w1th the 1mpulses. Accordmgly, t.he magnetlc
-forces acting on the iron of 1_:he stator and rotor of an electric
machine, and the mschaniégl viﬁratoﬁ forces acting on the bearings may
producs excessive noise énd'vibrations , espeéialljr‘ when' the frequensies
of the .exciting- forces- are equal to, or"near,' the r;atursl fsequencies -of
the parts of the machine concerned. On'the‘other hand ‘a relatively
large exc1tmg force may cause insignificant vibrations if the response
of the structure at the forcing frequency of ‘the particular. mode of -
Vibratisn'i‘s sm’ail. Also, it'is worthwhile men'tion;ﬁg‘; _thaﬁ those force
-waves hsving 4 smaller number bfﬂfbrce-polss‘are morésimportaﬁé in’ the

production of noise and vibrations.
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Fig. 2.7 Amplitude of fbrcgd‘viﬁrétions of a simple vibrating system
2.3 Ear Response
‘The human ear is capablefof responding to frequencies up to
20000 Hz._-Howéver, the sensitivitj of the ear varies with frequency

1’4’51, The lower curve ‘shows: the minimum noise

as 5howﬁ ianig. 2.8
-level which is audible toih@ human ear;hg-upper-curve shows the
threshéld:where-the'ears start feeling pain. However it is £o be,meﬁ;'
~ tioned that the ear starts fbeling.discomfortfat about 20 decibelsl
below jthe paiﬁ threshold. 'From the‘figure, it is evident that the

human ear is less sensitive to sounds of low freQuéﬁcies, whereas it is
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ruch more sensitive at freQueneies in the range of 500 to 5000 Hz,
Because of this, . sound levels in the 710 to i4oo Hz, 1400 to
2800 Hz and 2800 to 5600 Hz octave-bands are used io industry as a
lmeasure of whether or not reliable‘speech eommuniEatiOn'is'poSsiblez.
Also » another charaoteristic of the human ear is ..that noise oocomes
more annoying if it includes pore_tonesi. |
2.4 Important Aspects for the Reduction‘of Noise
| -‘In the light oflthe abore discussions of the three maih-aspects
- of electromagnetic noise problem in electrical machines, the fbllow-
ing considerations are of great 1mportance l
i) The force-waves produced by the rotating magnetic field constitute
the main source of the electromagnetic n01se in electrical |
machines. Since the magnetic field 15_ the. means by wh_ich power
_iS‘transferred'betﬁéen stator and rotor,to somé degree this
‘noise is unavoidable. AlSo; the oroblem is accentuated by the
harmonic content of the field. This content is very much de-
pendent on the number of stator and rotor slots. The slot-oombina-
’ tion.is determined’by consiﬁerations of sneed and the Sizejofi'
the machine, stray losses, synohronoos and asyoehronous torque
-dips and the noise produced. Usually, the choice.of‘a slot -
—combination may prove advantageous for some. of’ these conszderations,
but detrimental to the- remaining The choice of the slot-combination
is, therefore, inevitably a compromise - which may not necessarily
result in quiet operation of the machine. Moreover, the presence
of any kind of asymmetries in the electrical machine is almost

unavoidable and,accordingly ,there are always several noise compon-
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ents produced as a result of these asymmetries._

ii) According to the physioiogical characteristics ;f the humén éar,
electromagnetic noise of electrical machines is most troublesome
as it is characterized by bure'tones. In this'cOnnectiOn, the
specifications - BS4142 (British standards of noiée-levels
permitted in mixed residential and industrial areas) state that
the noise-level permitted in a residential area is to be reduced
by about 5 decibels if a pure tone is present in the noise>.
However, even if the total ndise-level is reduced, ;he fact remains

' that;a peféon can still distinguish the tone éhd may still
complain. It is.essential, therefbre; to rédqce thé pﬁre tones
produced by electroﬁagnétic vibrations in e1ec£ricai machineé.

iii) To reduce noise, it is usually better to reduce vibratiohs-p;o-
duced within the ﬁhchine b}-édopting'an appropriate desigh,

| rather than by providing noise-reducing enclosdrés'(soﬁﬂd ab;
sorbers)'and.mountingg whi;h‘iﬁcrease thé;ovefall siie of the

' - machine and are expensive torinstalls. |

iv) There are only two means by which thé noise produced by |
electriéai machines can be reduced. One methdd is reduction of
the amplitudes of-the:maiﬁ magnetic forces,sy-reducing'the'flux
density in fhg_air-gap..obviously, this increases the size and
tﬁe‘cOSt of the machiﬁe_considefably.' This is in direct
:oﬁpoéitibn to increasing efforts which are directed towards i
the ﬁse of lighter'and mnore econbmic#l machines.' The second method

is to arrange the resonance frequencies of'the‘stator and rotor in such
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-a way that they lie,weii away from the frequencies of_the_main -
exciting forces. This is considered to be the most effective

means of achieving a quiet electrical machine.

v) The vibrations of the stator of electrical machines are

generated i'n‘ several modeé-'sha;:)es ranging £rom the Zero-mode to

mode-shapes hav_ing high number of nodes around the periphe.ry.l

Moredver, electromagnetic vibrationg are excited ﬁot only in tﬁe

radial direction but also in tangéhtial and axial directions.

The-vibfatians aie generéted at frequencies ranging frdm'a fow .

cycles pei second to seiergllthou$an& cyclés pér.sécond. Al-

though-the ear is not sensitive iq noises of.lowrfiequehCies,
strt;ctui'erbomé vibratioi)s at loﬁ‘frequernc:-ie-s ‘could be very |
detrimental®, o o -

In ¢0nc1usi§n; the study of the vibration'Charaéteriétiés“énd‘
mechamical_reépoﬁsg7of the various nesbers of an electrical machine is
of great importance in the design and manufacture of‘qﬁieter'machineé.
The study should be carried out on 2 threé-dmensioﬁal_baéis over a
wide range 6f'fréquency'e#tending*frdm.zero‘to at léaéf 5006'H: for

the different modes of vibration.
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- 3. THE GENERAL FRBQUENCY EQUATION FOR STATORS
" HAVING ENCASED CONSTRUCTION

For am accurate assessment of the mechanical response of a

: v1brating system, " accurate information about the natural_frequencies
of the system.;s essential. The freeuency equation from which the
:variou$ Tesonance frequenciee'bf a stator having encased constfuctien

J :éan be cbtained is derived hefe.,'The‘constructioh of the stator under
consideratioﬁ is illustrated in Fig. 3.1, It consists ef a thick
cylindr1ca1 - core (loaded with teeth and winding), which is encased by

. a thin cylindrical frame

3. 1 Method of Analys:s

- Initially, the core-and the frame are con51dered separately. To
“solve the problem of the composite structure of the stator, the follow-
ing'twoﬁbouedagy conditions should be satisfied‘ -
1- The forces exist1ng at the inner surface of the stator-yoke
are equal and opposite to those exerted by the stator teeth andi

“_w1nd1ng. | . o

2- Equllibrlum and campat1b111ty at the 1nterface of the core and
”the frame.

‘By satisfyingathe‘COnditions mentiened aboye six homogenous '
equations are obtained, The coefficient determinant of these equations
yields the frequency equation of the system.

The follow1ng assumptions have been made in the analysis pre-

sented here,
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i) All diselacements.are extremely small in eomparison with the
__dimensions of the stator.
ii) Materials for both core and frame are homogenous, isotropic,
linearly elastic and compressible. 7
iii) The bonding at the interface of core and fiame'ie'perfect.
jiv) While considering the éeneral,form'of*the fleiural vibratidns,
- the stator is'treated'as'if.it is freely‘sﬁpported at both
ends-g};hout;efial cdnsefeint4o’4l. |
'v)‘ The frame is considered as a complefe cylinderical shell; the
effecfs of connecting boi,:any ventilation holesﬂand other
-1rregular1ties are neglected |
. vi) The masses of cool1ng ribs, feet and any other similar parts
are assumed to add to the mass of the frame.

_ | On the basis of experlmental evidence, the assumptlons mentloned
above have been fbund appropr1ate by several author38 13-19 in comnection
with vibrations and n01se-1nvest1gat1ons in e1ectr1ca1 maéhines. |

In the present analysis, the three-dlmen51onal elasticity theory42 43
is used to describe the vibrat1ons of the stator-core '_qu_ghe”frame,

44 of thin shells is used. Further, no sim-

the original Flugge s theory
plifications or approximations are introduced in deriving the frequency
equation. In spite of the rigorousness of the present analysis, an effort

has been made to derive the solutions in a simple way;'

3.2 The Gener31 Frequency Eqﬁation |

3.2.1 Equations of the core

" The field equafions for vibrations of a compreESible elastic con-
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tinua have the f0110W1ng form in the polar cylinder1ca1 co-ordinates45
' 2.5 ‘ ‘
: L v BA ) P, AW,
o2 c 2 c 1 Yo ™ "¢ _
(YW -Z-Fw *TH_ o "G, oo (3.18)
N 20 (208 ar G, atz 7 _ |
9 3B o, 3%y . ‘ S
vzv —ZE—-‘- ..2..__,.‘..«_c.+._!'-—-— c_-._s. c R (Stlb)
c r2 r2 ? 1-21.!c 190 c 9 t2
azu ' : :
2 .__2._.1 e _ fs.__.Tc . O R
oz~ Geat ' '

Solutions of these equatlons of motion are read11y obta1ned45

with the help of . d1splacement potentials ¢, ¢ and %, as ‘ .
a2 . . .
‘ w . 3 -+ &L+ EL ' ) L ] (3-2 8.)
e 3 drdz  TIO

v =% _,3¢___ 3% _ e (3.21)
c rae‘ rehaz 9T : 3
| - 2 S 2 , '
9 _8° 13 1 8 o .
u =3, "Cs+op?t 0 _ ceee (3.2 ¢)
e 9z S, 2 r T r2 ae2 : _ 7 _

It may be verified by‘direct substitutions that'équations (3.1)
are satisfied by_these.components of displacement, provided thét o, ¥

and x are taken as solutions of the following differential equations:

2 .
V2¢= '-]'.-‘u R (3.3 a)
: 2 ..2
ot
) 1
2. 1 2 |
, 2 t2 S vee. (3.3 D)
2 .
2 1 32 - | .
v x = _E_-% . - ‘ R (3.3 C)
' ' G G 1-2
‘ 2 -2 ¢ 2 _ "¢ 2 c -
vhere. oy BT %2 TE M E twEy .

‘Equations (3.3) are actually wawe-equations,-whose solutions are

well-known?>*46. The solutions of these equations will, therefore, be
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- periodic in 9 and z with periods of 1-211 and. %1-‘-, respectively. In cddition,

the solution must also satisfy the end. conditions (zero radial and tangen-
tial displacements at z = 0, L and non-zero axial displacement at the
same points). The solution is found to be: |
iwt

¢ = ¢ n(r)Sin Ty Cos né+e cene (3;4 8)

iwt

‘ '¢-=‘¢ntr5Cos n %-z Cos ng-e” e (3.4 b)

o L Jalot o
X = 'x:n(r)Si.n Vm 1 lz Sin nel er | ‘.... (3’4 c) - .
In crdef to determine the cxpressiOns ofﬁ@h,.Wﬁ and Xp? equatioﬁs

- (3.4) are substituted in 6quations (3.3), whichrgives:,

: ‘“ !-_ : [mz. _Lmz-'z) -n2] ‘ ;0 o . L (35 a)‘,
: n(r) T n(r) (:F 2 - ;3' ¢n(r)- . e ... o \
. "n(r) n(r) [(cz - '1'."2"“"")" ;7] n(r) i | evee (3. '
X +2x o+ [(93- ‘----m2"2) 22—] = 0 < . (3.5 ¢}
xn(r) T xn(r) ‘c 2 = L2 - r2 Xn(r) e 5 e}’

The dots () in the sbove eﬁuatibns-denote‘différentiationhﬁithc
' resﬁect.to "r''. Equations (3 5) are nothingibut nzh-order Béésel"'

d1f£brentia1 equat1ons47 148

y the general solutmon of which :i.s g:lven in
terms of the Bessel functions J and Y, or the modified Bessel functions
I and K,_depeqding on the relat1ve magnitudes of the longmtudinal half
-wave length L, the circular frequency w and the physical parameters of

the core material Tepresented by the constants ¢, and ¢

1 X Tab-_l_elS.l gijres
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‘the solution of equations (3.5) for the various interoels of the fre-

quency o. | | | | |
Substituting equations (3.4) in equations (3;25, the general

solution for the displatement components of the sfator-core is obtained

in the foilwing form:

e mr e n_ U iut.‘. . /.'
| ?c"[¢n(r)' TT'¢n(r)+ ;-xn(r)]Sinoiz Cosné e SRS (3.6.3) :
Vcl=[ n' (r) wn(r) kxn( ]]Sinm:z Sinne-e iat Ceese (3.6 D)<
u, - [ n(i.)' + mzz 1 '(i')']' Cosln%z_ Cosne°eiwt ', o (3‘.,6 _rc) e

where, n and m can assume any positlve integer value 1nc1uding zero.'
[ Each. of the three components of d1eplacem§nt have. n nodes around the _
} "
< e 1;'cumference of the stator and mn half-waves along the madline"length,

Q

for velues of n and mn other than zero. In this case, the radial and

1 ——— -

et

tangential displacements are equal to zero at both ends of the stator,

i.e. at 2=0 and 2=L, while the axial displacement has a non—zero value

R

;at the_ends. It is “evident ‘that, for the cases of n=0 and m=0, the
{‘expressionsiof equations (3.6) result in . uniform vibrations around the

" circumference of the Stator,and along'the machine length, respectifeiy.

3.2.2 Equations of the frame |
The frame has a mean redius Riand thickness h..iAs h_ie dspa)iyr
- small ‘compared torR, the original Flﬁgge'e eqoatione of motion, whieh»
are=hased on the assumptions of the linear thih-she11 theory, heye beenr
used for the description of the motion of the ffahe in the peesene o

alysisi Since the effects of shear distortion and rotatory inertia.
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Tase | Interval Solution
No, -

bn(r) = AhlJn(er) Anzyh(mlr)

nx v A J . A Y .o
¢y <w> 0 ‘ n(x) ng n(mzr) n, n(wzr)

xn(r). Ahan(uzr)f Anﬁyn(mir)

¢n(r) Ahlln(qir)+‘Ah2Kn(mlr)
3 %!c2<m<%—"c1 "’n(r-) --Ans‘]n(cpzr’)* An;n(wzr)

xn(r) A'nan(mzr)+ Ahe?n(mzr)

¢n(r)l nllh(iulrj+ Ané“ﬁ(dlr)

111 o<w< %!-cz Ya(r) Ansln(wzg) A 4Kn(m2r)

*n(r) . Ansln(wzr)*.__ An6Kn(w§r)

Table 3.1. Expressions of 4_, v, and xﬁ'fbr various
‘ intervals of w, = - L '

2 w mzﬂz 2 mz : mzrz

W = |- -, . and w. = | - .
1 Al i B o F|




- the results apply only when the ‘half-wave length of the mode. shape is

These limitations correspond to values of m and n of less than 0.1 W

E-may well exceed the value 10 and, accordlngly, the use of Flugge's

? -equations for the frame is only val:d for modes m=0.§ 1 and n=0, l, 2,
f_'study of the mechanical response of stators of electrical machines to

'the use of Flugge s equations seems to be not very accurate, the acc-
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of the shell walls have'been neglected in deriving Flagge's ec{uations,‘

more than ten tlmes the shell wall th:.cknessm, i.e., E and ”'R — > 10h

L

and 0.314 = h =, respectlvely. In electrical machmes, values of F and R

3 and 4. However, these modes at‘e the most interesting ones for the

the exc:.tmg forces7 .12. Nevertheless, even for the hlgher modes where '

uracy of the calculatmns W111 not be greatly affected becatme the '

frame is the weaker menber in the ubratmg system, and as a result

1ts contribut:lon to the v1bration behavmur of the whole stator-assenbly

| may. be 11ttle for those ‘modes .

a4 , the d1fferent1a1 equatmns govemmg the

Accordmg to Flugge
motion of the frame can be wr1tten (in terms of the dlsplacement com-

p‘onentsof its midsurface w g v a:nd uf) “in the following form:

e l‘l-l N ‘ 3"" T
- kuf kv, + v, + We

2
nee T ’\\ 23 w 2 *

k(wf+2wf'+wf+ f-!-wf)-a-natz ,Df‘p=0,_. vees (3.7 a)

1+uf 1 Uf 3-‘[.1 ) ."o_ ]

5 ug + v E (1*3“)" A A




-39~

» o '
v 2 . ' : .
nZ _2f*.g...;e, o IR e (3.7 D)
at” f : )
T 1"“f 14y 1+ m  1-u N ree
g+ _(1+k)uf+ 5 Vg ° kwp + === kwe
‘ ) |
S 3" 2 :
. ) th , Pg th
~ where, k = w—-(R] » Dg= and n"= - Df

f
* % * - S
In the above _equat-ions, P,» P, and p, are the forces per unit
_area acting on the inner surface of the frame, '
3.2.3 Solution for the stator-assembly

_As méntioned before, the stresses o _, T,

r’ Tro .and Tpz? evaluated ‘at

the inner surface of the Statof;-yoke (radius rz), are equal and oppos1te
to.the: stresses pt‘; R ptw"~ and Pt exerted- by teeth and windings. The

mathemat1ca1 expressmns of . the stresses ar, v and T rz in terms of the -

re
displacement conponents w, Vv and u are well-known and have the folloung
form™>: | | . .
el; =IZG-_-g§-'+'qA. A o (3.l8 a)
'Tre.EG(_%%'%,*%}) : ' (38b)
| T, - c.(,i“'- L2y S | o . (3.80)

Iz 9T

_.IL
~ where, q= 31!

By substitutmg the expresszons of W ,‘ v, and u_ o equatwns (3. 6),
in the above equatlons, and equating the resulting stresses (evaluated at

r=1r,) to ptw s ptw and pt the following relations are obtained:’




1 qe 52 -'.M;'
[ G ”n(r ) [;.';" C ]¢n(r2) [ -6;-(1‘2 * ;‘2")]¢n(r

one Com o o
: .%(r )""[;"]Xn(rz)"'[" }"f]xn(r ) P, /G | ive. (3.9 8) .

- z“lmr) 2y 2]"n(r)[ oRi? cra[ “T‘ TGO

\ . ) 1 . . n ) .
[-],]xn(rz)-b[-i'-z-]xn(rz)-l-[- ;-Ez—]xn(rz) = - pmech_ esae (3.9b)

o p2Ma e - Mqe nM : ‘ - -

| Now, considening the second boundary oondition the displacements
;c, Ve and uc of the outer surface of the core (radius r3) nust ‘be equal -
to those of a correspond1ng point on the inner surface of the frame,

Next, it is now required to find the proper expressions for the dlsplace-
ments wf, Ve and ug of the middle surface of the frane ' It is proved in
reference (44) that the relatlon between the displacement components  w ’
AvA, u, of a point A 1y1ng on the middle surface of a thin cylindr1cal :
‘shell and the d1sp1acenent components of another point B lying on the

same radial line of A, Fig. 3 2, has the form:

7' Wy =, | e (3008)
_vh_- (1 *.R_) tA- E*'"A ‘ - o ced (5710 b)
up = U, - T Wy | BRSO ¢ 1§ I )

ﬁhere,:cn = distance between points A and B with the proper sign..

-
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__“fig. 3.2 Displacements of two'points of & thin-shell
',Accbrdingly,‘fhe félatidn between the diSpiapement compdnents
of the middle surface of fhe‘frame [wf, Ve and.ufJ and those of the

Lx * .
inner surface of the frame(;c,,;c and‘uc) will take the form:

* , S
| ?b =we e (3.11 a) /"

PP WU W o . 1)
Vc - (1- ZR)vf+ 2R Wf [N (3.11 b)
% .h ) ' . e ol -
gc =Up *HEWe : o ...._(3.11_c)
" From these equatiqns;

» L ‘
Wg = Ve ceer (312 8)
1 xR | ' |

- 5

_* h * _ " ' '

uf- uc - ﬁwc . - asee (3012 0)

With the help of equations (3.6) and (3.12), thg displacement com-
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ponents of thc middle surface of the frame are obtainqd as:

. my ¢ n . W iwt , B -
wf=[¢n(r3)- r"'n(rs)“' ;;%(TS)]Smmrz Cosné e | (3.;; a)\/,
1 - nR m . nh,* .
Ve 5;[“ 5?11(1'3)* ?;"n(rs)'k"n(rs)" '2—{%-(1'31"
M n I iwt - ' o '
Rin(ry)* Tytn(r,)}15inm[s Sinne-e - eve (3.135) )/

M L hM,: )

U (Rt (2 ) 220 ()" Wiz Mncry)®
xn 3 ,

To satisfy the equilibrium conditions at the 1nterface P pe

a:nd; in’ equations (3 7) are to be replaced by the stresses (-d ).

(- Tre] and (- 1- ), respecuvely‘ These stresses have to be- evaluated
at the outer surface of the stator-core (r=r3] using equations (3 8)

Then, equations (3.13) and (3.7) deliver the following set of equations.

7 2 Mz'h 1- “Ue 2 nzh
[_—(2"‘ c) ]¢n (r3) + [ir(m ‘—'"kn f)

f+1)+1+k(u sl ent - mPay -

2

2
2.2, R'q

S-uf
Tl Dfr Nn(r ) [

'!2-(](.“24- knzuf) nR kz

3

QL .22 . q. RG
+1)- —i{:;; +M )]¢n(r )"'[ -M(2+ ‘_C) D ] (I‘ ) ['Mi('kuz

l-u
e 3 kn2 g - %(M2 T— +1)- —(l+k(M -bZMzn ent-2m2

" Mg R
ROR R A )*1e2 M-k S -uf)+ ——m
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RN —-(1+k(M +2n2M2+n4-2n +1)-n%w?) - 'Tf‘r"é"]xh(rs) veve (3.14 3)

1+u 1-ug ", 3-
[f- -T—f‘ Mzhn + 2——-(71 w n -M (1+3k)———)—n- T" knzm-
2 | . |
2nG R 2 1+l-tf (1- uf) (1+3k) 2
Dfr ]q’n(r ) + [ R * —f(“ "Mz 5 -n%a’)-
26 nk? 5 1o e
5 3 £
bz ]¢n(r3) i hrahe T (o202 s )
T T G | 1+
- %—{m - wiln) - S 2‘1}““]%& +[—i-£Mnm 2 - --f(n .
J-ug 26 Mk R

2
M 14300 - s Dfr 21"’n(r )05 B B cr gyl ""( *

M'z(l-uf)(h:’»k) - nzc

Cat M“"'hn2 1+
2 o )"?.:rfrs‘]"n(rs)*[‘4'R'r"'-( thg)-

o (1-p,)(1+3k) 3w
| 212.: 2r o 2o f n2u?)- —-(n+—-f- xm? )+
n%G R2

fr 2 x-n(r | g ' | PPN ,:(3.14 b) / '

: o
[%‘-(Mz+ --—f(1+k)n ~nZul)s ﬁi'"-(uuf)mnﬁk- =< ke




~d4-

ZMRG l-u £

v T, )+[—-(M . ——-cl+k)n2 2u?)-

‘nzM[1+u JR , 1=y
‘ 21'32 £ ]"n(rs).b[‘.bzih‘(uz"’ """'-f'(].'l'k)n -n w ).. |

nzh‘Mz(huf) M2 o 1l-m

— e e { |
R R x fnug)- _(m ot )N (rs)
1w, M2n (14u)
+[-0, 20 —Eq1sion®anZudye —-?—f-l taceg -
'nu(1+u R | | 1-u A5Mh (1+,)
£ ]xn(r ) [W(Mz T-f-(1+k)n -n w )4- -—1-?-—1:-
. nMMZk 1-uf knz | Gc MnR ,7 ' -0 ' | o 3 14 c)\/
_"';;S - - *“fa'.ﬁg'?g'ixn(rsl = e (B4

Equatlons (3 9) and (3 14) const1tute the co.plete solution to

the problem _It is admsable, now, to rearrange these equat1ons in a

matrix form in such a way that the elements of the matrix become diaen-
sionless quantities, as given in equation (3.15). 'I'hi‘.s‘metrix. preee‘nts
the general form of the solution. To take into account the effect of | e
teeth and wmdings in detail, expressions for Pey pt'w‘e and pth 'shoold

be developed and introduced in equation (3.15). Howevel; in the solotion |
for the general frequency equation in the present analysis, the presence

of the teeth and windings will be considered only by add:.ng their mass to

that of the stator-yoke. Accordingly, ptw » Poy md-ptw are equated to
e

zero and, at the same time, the value of the density of the core p has
to be modified to the value'

p ‘mass of teeth and windin
= P {14 }
mass of stator-yoke il
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In appendix-A, the frequency equatlon has been derived from
equat1on {3.15) and it has the form
BRI -, | : .. (3.16)
where, |P| is the determinant of the coeff1c1ent matr1x [P] o

It does not appear feasible to obtain an’ analytical expression
for the resonance frequency w, which satisfies the transcendentaleauation
(3.16). Thus,one has to resort to a numerical evaluation of ‘the res-

“onance frequeficies, Appendix-B.

3.3 Frequency Bquations for Special Cases -

3.3.1 The case of un1fbrm vibrations along the machlne-length (mndl
| In several electrical machines, espec1ally those having small
lengfh compared to the bore-rad1us, the vxbrations of the stator are
almost unifbrm along a generatr1x12 19. In this case, the value of mn
is zero due to the absence of nodes in the axial d1rect1on - In such

a case “two uncoupled frequency equat1ons are obtained whxch are:

IP | = o o | o . (3. 17)
1p2|‘= 0o | - . (3.18)
as‘ekplained-in Appendixac. Equation (3. 17) 1nvolves four equations in

terms of the four unknowns A_ , A , A and A_ . Accordingly, as it
' I T A S | _

is evident from eqnations (9-.2') e.nd (3 4), jequation- '(3 17) corresponds
to a mode involving ¢ and*x-only. With the help of equatlon (3 2) it
can ‘be s seon that equation (3 17) corresponds to plane vibratlons, Enzg}v*
ing radialland_tangential displacements only On the other hand, equam

tion (3.19) corresponds to a mode involving x only and,accordingly,it

corresponds to pure axial vibratioms.

I
“

.
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It is worthwhile to mention that these two types of vibrations

ate coupled in the general case of flexural vibrations. <

3.3.2 The case of.uniform vibrations along the machine-circumference
- (n=0)

In this case, the following frequency equations (Appendix-C)
are obtained:

|93| =0 : L e (3.19)
[Pyl =0 ' | e (3220

Following similar steps as those used in theiprevious case, it'
can bé-proved that equation (3.19) corresponds to coupled radial and D
axial V1brat1ons, while equat1on (3.20) corresponds to pure torsional )
vibrations. | ‘

" 3.3.3 The case of uniform vibratlons along both madh1ne-length and
mach1ne-c1rcumference (m=0, n=0)

For thls special case, “the following frequency equatlons, as

obtained in Appendlx-c, hold good.

|pg| =0 o e (322D) ‘
Ip,] =0 o veee (3.22)
Ip,| = 0 | ' N | e (3.29)

- These equations correspond to pure radial, pure torsional and 7

pure axial vibrations; resﬁectively.

3. 4 Determination of the Mode Shapes
" For the determination of the mode shape associated with a given \
resonance frequency of the stator, the relative amplitudes of the var-

ious displacement components must be calculated at this frequency; For
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this purpose, the relative magnitudes of the constantS‘Ah s Ah s sead
Co -1 2.

and A should be calculated at first from equation (9.3). The sub-
6 i | |

stitution of the values so obtained in equations (9.2) delivers ex-
pressions for-¢n, wn and Xy The substitution of ‘n"wn and Xh in
equations (3.6) and (3.13) gives the required mode shapes for the core

and framé; respectively,
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4. -EXPERIMENTAL VERIFICATION OF THE ANALYSIS

To'vprify,the volidity‘of-tﬁe'analysis, the resooonce freQ'
quenciee of five different experimental models of etetors-of'elec4_
trical mechines were computed. The calculated reeults'are then com-
pared with the corresponding measured'velues{ The data as well as
.the_ﬁeoeured oalues for'the first fon models were obtained from refer-
eﬁces (16) and (19)} The resulte of the experimental‘measoremenis'on :
the fifth model;,which'wefe carried out by'ﬁr. S. b;,vefma at the |
Iﬁstitute of Electrical macﬁines of the Technical University of Hannover

5(w Genmany) were made ava1lab1e fbr the verification of the theory in

~ the case of stators hav1ng encased constructlon.

4.1 'ﬁode1-1'
| Model I s whose d1mensions are given in Fig. 4.1, represents
the stator-core of an induct:on motor of small power capacity The . 7
weights of the yoke and the teeth are 7 7 kg and 4 ,65. kg; respectively.
The resonance frequencies of this model were calculated in two
steps as descr1bed below. - _ | c
1. The resonance frequencies of the stator-yoke only were calculated
_eccording‘to the general frequency equation derlved'1n the previous chap-
ter, equation (Sll6)-'5y equatiné'the thickness of the fraﬁe h to zeio..
\Due to the existence of free-body v1brat1ons of’the stator during expe-
rimentstion, the v1brations along the machlne-length are foumd to be

16 So a value of zero is assigned to the‘longitudinal wave.num-

ber.M.
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no. of slots

= 36

_‘ I‘ —— 1025cm ——
Fig. 4. 1 Dimensions of Model I '

2. The effect of teeth is then introduced as a tactor This factor
- is derlved in Append1x-D according to Frohne's expressionsl6’17 and
calculated here for. the present model. | |
Frohne' s expressions have been derived on the ba51s of simpli-

fied analys1s, neglecting axial v1brations, flexural vibrations along
the mach;ne length, displacement gradients aoross~the yoke thlckness,
~coupling between the different displaeeeent eoﬁponents etc. Moreoeer,
it is stated in- reference (17) that Frohne' s expressions become erroneous
at higher frequencies because of the resonant excltatlon of the
'steeth. o |

| 'The calculated'frequencies according to both'reference.(lo) and
the present analysis, together with the experimental values are given in

Table 4,1. The table also includes " values of the teeth factor for
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the different modes of vibration.

VTable 4.1 shows & reasonable agreement betueen the.calcuiated
values of the resonance frequencies, obtained by using the present‘
analysis, and the measured values, The errors in the values of the
resonance frequencies by using the nresent analysis as well as'those._,
resulting-by using the theory given‘in reference (16):increase with
- the increase in the comple#ity of the mode of vibration. The theory

| giuen in-reference (15) is based on the assumptionrof;a thin-ring and
is; therefOre, likely to yield results of less accuracy, especially
when the wave-length of the clrcumferentlal mode becomes comparable
—'w1th the th1ckness of the stator-yoke, whlch 1s the case for higher
modes. In contrast, as the p:esent ana1y51s is basedjon the r1gotous
equations of e‘lasticdefoi'mation, it should be expected that the results
'w111 have nearly the same accuracy for all the modes.' Howeuer,:this'is
‘not the case in’ Table 4.1. Here,-h1gher errors‘are associated with.
, higher'fiequencies. This contradiction can, therefbre,ibe:attributed
-to the fc110w1ngs. . | | |

i- The factor, for taklng the effects of teeth into account 13 not
based on ngorous considerations. Therefore, at frequencies where the
effect of teeth becomes pronounced the accuracy of the results will be’
,severcly affected. This is the case at higher modes.'

ii- There is always a certaan amount. of discrepancy between the actual
values of the phy51ca1 parameters of materials (modulus of e1ast1c1ty,
' dens1ty, P01sson s ratio) and the values used in calculatlons. '
iii- Inherent errors, wh1ch are always present in the measurements of

‘resonance frequencles, especially the higher ones, .
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4;i Model-11

~ For further.confirmatibn of the causes of error mentidned in
‘the foregoing, the.calcuiatedrand measured values of frequencies for
Mbdel-II, wﬁose dimensions are givgn in:Fig. 4.2, are presented in _

Table 4.2 .

no. of slots = 36

e—————9.75¢cm -
Fig. 4.2 Dimensions of Model-I1
It is noticed from Table 4.2 that almoﬁt simiig:'observations.
as'those.made.for Model-I in connection ﬁith errors,'Can also be made
for this model.‘jFurther, it may also be mentioned that due ﬁo computa-
tidnal difficulties, it was not poséible to't:ace the ﬁa;ural frequency
 §ssociated wifhrthe mode n=2, for both imodels. These diffiéﬁlties:'

generally arise when the yoke-thickness to radius ratio of a stator is .
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very small, In such cases, the resonance frequency for mode n=2 is--
quite small .In the range of such low frequencies the magnitudes ofthe
| Y and K Bessel functions become so-high that the digital compnter cannot'
.calculate and locate the resonance-frequency H0wever, Model-1I and
Model-II were especially built. to suit the assumptlons of the " analysis
based on thin-ring considerations as described in reference (16) In
general, stators of electricalnmachines have much larger yoke-thickness

"to radius ratio,

4.3 Model-TII
| Now, it is of great importancesz to test:thelanalysis on a nodel
‘which represents a large machine. Fig. 4;3-showsran exﬁerinentel model*ggf
an:unslotted‘stetor-core'of a 400-MVA turbogenerator;:_The diuensions of
this model are releted to. the actual‘dimensionS'of-the‘turbogenerator‘by'
' the-ratie l:2.36 . 'The'lengthrof the model was‘hept'small (21'tmn:tq
lavord any flexural-v:brations along the nachine length. Moreover,zthe :
"~ model possesses a solid construction. |
For this model, the measured values“of the resonance frequencies
,for only two ‘modes, n=0 and n=2, are available.. The:values‘of the
resonance frequencies calculated according to Frohne's analy51s and those
'calculated by using the present analysis, together with the measured
values, are given in Table 4.3 . | |
It is 1nteresting to note that a striking agreement exists be;r
--tween the calculated values according to ‘the present arialysis and ‘the
" measured values, whereas the analysis accordingrto reference (16). giyes'

" rise to‘considerable errors. Such a good agreement obtained by using

-the present unalysis'for an unslotted:stator-corerleads to the conclusion
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[e— QOCm .ﬁ

Flg 4.3 Dimensions of an axper1menta1 stator-yoke
of a turbogenerator-Model 111

Accbrding to According to -

n fheas; present analysis reference (16) 
VEcare, [orror®) | £ [ orrorm)-

0 | 2009 |2012.6 [+0.18 1890 |-5.9

2| 943 '-o.so 870 |-7.8

" Table 4.3 Calculated and measured values of
- the resonance frequencies of Model-IIl
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that the deviations noticed in Tables 4.1 and 4.2, between the calculated

values according to the present analeis,and the measured vaIUes,'are'

" those involved in the factor used for the consideration of the teeth

effects. On the other hand, the considerable negative errors obtained

by usinngrohnels analysis, as noticed in Table 4.3, can be attrihuted
to the fact that only themembrane-stiffness of“the_walls of the stator

'15 considered in the analysis (neglecting the bending-stiffness)

s s emmm

4.4 Model-1v

‘.Model;lll wes then provided with slots, as shown in Fig.‘4,4,

~ - in-order to maske it representative of the stator-core of a large turbo-

"generator.,'

As in the case’ of Model-I and Model- II, the resonance frequencies}

of Model iv were calculated by considering first the stator-yoke alone

‘and then the teeth-fector was applied to. obtain the required frequencies.

For this model the experimental and the calculated values of the res-
ommeﬁmmmhsuegwanwh44. | o

By comparlng Teble 4.4 with Table 4.3, it is revealed that the

reletively increased errors‘in the calculated values of the resonance

frequencies of the slotted stator-core, according to the present analysis,
are caused by the factor used for the con51deration of teeth effects.

Also, the comparison betneen Table 4.4 and Table 4.3 shows that the ex-

~ ‘cellent agreement obtained between the measured resonance frequencies

and’ those calculated 19 by using Frohne s theory for Models I I3 and IV

' results, in the opinion of the author, from the compensation of negative

errors caused by con31der1ng the yoke as a thin ring and positive errors

ceused by the inaccurate consideration of teeth effects. Accordingly,
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F1g 4.4 D1menslons of an expermental stator-core

120 cm

of a turbogenerator-Model v

»

n) fmeas... '.A'ccor&ing to present analysis| Agcording to referenoé(lé)‘
) “t o .fjca:i-c. . : lerror(%) ' f(:8.lc. error(%)

2 | 4657 0.882 481 - f3344 458 -1.5

3| 1009 | 0.790 | 1092 0.3 | 1098 0.37

 Table 4.4 Calculated and measured values of the resonance frequencies
of Model-1V
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~ such a good egreement may not be obtained in the case of other models}
4.5 Model-v |

In contrast to the modele treated in the foregoing, Model-V is
- a stator,having encased construction,of a typical llékw induction motor.
The details of the stator are shown in Fig. 4.5 . The weights of stator
-yoke, teeth, windings, frame and cooling ribs are 16.6, 5.9,.3;1, 9;25_
and 7.9 kg; respectively. The stator-core is made of steel laminations,
while the frame is of cast iron. The Values of the physical parameters

of these two materials are given in Table 4.5 .

Material ' Steel Cast _iron
Poisson's Ratio . 0.28 |  0.25

 |Modulus of Elasticity (2.1x10%g/cn’| 1.05x10%g/cn®

- Density = 7.8 gm/cm3 1 . 7.0 ﬁm[oms‘

Table 4.5 Constants of steel,aﬁd cast iron = L 3- ﬁﬁgij

.

In the calculatlons of the resonance frequencies of the stator
under oonsideratxon, the whole mass of the frame 1is assumed to be. con-
centrated in the portion of the frame which‘encaseS'the stator-stack

| For this model the measured and the calculated values of the

resonance frequencies are. given in Table 4.6 for the mode n=2 which is

electrical machlnes. The frequency is calculated by using the present
ana1y51s 7
The effect of teeth, windings and cooling ribs is considered

according'to the factor given in equation (9.16). As this factor is




(8) side-view cross-section A-A
(b) elevation cross-section B-B
(c) details of the teeth and slots

‘Fig. 4.5 Dimensions of a stator of an ll-kh‘
induction motor—»Model-V

. o - -61-
/lﬁ BZI.Scm-hI\ l
-/ ‘ : 24cm
== : : 7 _T—
| CORE
! .
" fe—145cm —» |
L
— Y- \
) ?ME
Et=——F VENTILATING\ ~
L | d’RIBs SN
(a) | | (b)

'(c‘.).
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derived on the basis of a s1ngle-ring stator, the applicatlon of it in
the present case requ;res some modifications. ' It is appropriate, there-
fore, to cons:Lder ‘the teeth, windmgs and cooling ribs as act:l.ng on

a sitigle stator-shell which is enlarged to include theffreme.

Lerror(%)|

R fcaic. -

| fog, |

920 {0.7435 | 930 + 1.1

Table 4.6 Calculated and measured.values"
- of the resonance frequency of
Model-V for mode n=2 :

_ ntwR; Pactor for taking into account
o effects of teeth, w1ndings and

_ It can be seen from Table 4, 6 that the present analyszs, together
w1th the factor for taking into account the effects of teeth, wmdings
‘and coollng rlbs, delivers strik1ng agreement_between the calculated ‘and
the meesure& value of tﬁe most important resonanceAfreeuency even with
the approximation involned:in'considering'the stator as a singlexring tn,
ealculating that factor. In the light'ef'this agreenent and the conclu-
sions teached in the foregoing comparisons, it is expected that sinilarr
agreement will be obtained for the,higher medes_n>3 for this nodei;' |
4.6 Approxlmation Involved in Considering the Mass only of Teeth

Windings and Cooling Ribs | E

In order to examine the dagreeof approximation invdlved-in con-
sidering the mass onlp of teeth, -windings and cebiing ribs in ; .
the present analysis, the resonance frequencies of Models I, II IV and
"V were calculated using the present analysis by considering the ‘mass of

teeth and windings added .. to that of the stator-yoke and the mass of the
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cooling ribs added to that of the frame. The calculated values were
compared with the measured values of the resonance frequenc1es and the

percentage errors involved are presented in Table 4.7

Model | 0 | 2 3 a4 s | e | 7[ 8 |

I |+3.8] = [+12.6]+20.0]+38.9]| +67.5 | +108|+155 | *

IT | +2.9 — ) +4.5 | +15.5| +29.0 | +44.5 | +67 +100 +138 1

W ‘ * | +5?5-., +12_1 * ‘ * * I * * .

TV, * {4555 * 1 =« * * BN * *

Table 4.7 Percentage errors 1nvolved in consrder1ng the mass only
- of teeth, windings and cooling ribs

L Measured value of the frequency is not avallable

: Theoret1ca1 value of the frequency could not be traced
Table 4.7 shows that the afbresald epprox1mat10n 1nvolves consid-

erable errors, especlally for higher modes . This shows the importance of

tak1ng into considerat1on the various effects of teeth, windings and cool-

ing ribs in a rigorous’ way.

|
4.7 General Comnents

‘The experlmental verification on various models and ‘the discussions
lead to the fbllOWIHg t
(1) The present’ ana1y51s together with an apprnx1mate factor for
taking the effects of teeth w1nd1ngs and cooling ribs 1nto

account delivers reasonable accuracy in calculat1ng the values
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of the resonance frequencies especially with reference to

lower modes,

(i1) The effects of teeth, windings and cooling ribs should be

(iii)

considered rigorously along with the presént_analysis for a

more  accurate assessment of the resonance frequencies of

.stators,

In the-calculation of the resonance frequencies of stators -of
both small and large machines, the consideration of the mass
only of teeth, windings and cooling ribs in the pquent analysis

leads to substantial errors, especially for the higher modes.
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5. VIBRATION CHARACTERISTICS OF STATORS
" HAVING ENCASED CONSTRUCTION :

'_In ofder to find the vibration characteristics of stators having
encased construction in a general way so that the results may be applicable
to both small and large size electrical machines, it is prefbrable'to

consider the parameters involved in terms of dimensionless quéntities._‘For

~ this purpose, the elements of the frequency equation, derived in chapter(3)

of this thesis, have been so arranged that they are functions of the

dimensionless quantities:

¢ P Pe B T2oL
E » pc. pc"ufl uc’ R-,’ R 2 'R}

c

and the frequency factor ﬁ? « The reference‘freQUency_mb is indicative

of the iowpst'eﬁggqsiona}*ﬁggqg§;tfrgqugp;yfq_of the core iﬁjblqngéstrain-
The_dimeﬁsionlgss'pﬁrameter# ofrfhe Stator‘shoﬁn in Fig,‘4.5 aré:

fquhd to bé;reﬁlistic fpr most machine sizes. Therefﬁre, ;hé Values.of_

these ﬁarameters‘haveAbeen ﬁsed’in the foliowing inve_stigationsf The ‘

values of these parameters are:

H

2 h . o . &"
U078  , F=0.06 , =119
‘B B pe
=05 , S=-1582 , L2785
e - Pe _pf =
Mg = 0:28, ug=0.35

5.1 Frequency Spectrum
‘InuconneCtidn with the vibration and noise studies in electrical

machines, one requires complete information about the spectrum of the

resonance frequencies of the stator. Moreover, to understand the physical
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significance of entasing the stator-coreixn'tﬁe frame, it'is essential
to d-‘ertemi.ne the freqﬁent:y spectrum qf the .composi-te -stator as well as
the frequency spectra of both menbers of'the statqr separately.

The frequency spectrd , which havt been otivtained; by using the
present anslysis,'are éiven in Fig, 5.1 and Fig. 5.2 fbr tﬁe two cases
of m=0 and ﬁwl; respactively' Each figure'contains the vatibus frequency.
spectrums of the free frame, the free core and the comp031te stator for
d1fferent circmnferentlaltnodal patterns n. Both figures mclude all the
p0551ble resonance frequenc:.es which exist within the frequency range
under consideratlon. This frequency range is generally suffic1ent, eVen

when a large machine is con51dered. For the usual steel stator-cores,

@, & §_11:_§_0_ ;'1"3 being in meters. 'Sd, for a fai'rly large-sized machine:

having, for_eiaﬁﬁle,'a'radius r, 570 cm, u will hévgra'vaiué of 7350
:rad-../sec. . Accordingl)f', the- frequency range éonsidefeg'i.héfe‘ (-‘-;-;- =0'+5)
cortesponds t6 frsqﬁsncies up to sbout GOOO:Hz' 'f-dr siu:h tlatlli;iés. V‘TIhis '
frequency range is a fa1rly broad range from . noise con51derations.
F1gs 5.1 and 5.2 show that the compos1te stator has more than
one resonance frequency for every modal pattem. In fact, t is well

known 2553-59

that a tthk cyhnderical shell possesses an mfmlte
number of resonance frequencies for a given nodal arrmgement of m and n.
As shown in Figs. 5;1 and 5.2, three resonance frequenc,les of the composite
stator lie withih'the frequgncy range considered hetr-e_.‘ jr-'Ihese frequencies
correspond to diffetent anqil:tttids ratios of thethree étmp‘oner_xts of dis-

placement w, v and ‘u4°',. as will be explained later in this chapter.

In contrast, the previous investigations available in the pub-

‘lished 1'iterature10f2q in connection with the determination of the :tes-
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c@meﬁmmmusﬁsumm,hgmuﬂ,ﬂehuﬁQWcmﬁmdm
only the louest'resenance frequency associated with a mode. Such

" confinement can be partially attributed to the fact tﬁat most of the
theories used foritneee {nvestigations in ‘the iiteratﬁre have the draw-
back of being incapable of delivering irformation ebeut frequencies

otner then.the lowest one. Apaft from this, - previous investigations
nave considered the lowest frequency‘the only'significant resonance fre-
‘quency of the stator with reference to . vibration preﬁlems in‘

: electtical machines. AlthOugn this can be true for smell machines, it

is not the case w1th large machines where several frequenc1es fbr each
‘.1mportant modal pattern may lie w1th1n the dangerous frequency range of
noise productlon The presence of these frequenc1es may be one of the
causes of notlceable ‘high no15e-1evels as it increases the poss1b111ty
‘ of coincidence between these frequenc1es-and the excit1ng frequencles.

For example, with the help of Fig. 5.1 it can be shown ‘that a stator hav-
-ing dimensione ten times that of the stator shown‘in_fig. 4.5 (such a '
‘stator c_ouu’l*be suitable for a large pewer machine), fcf'ea-ca‘nple;l a high
_speed machine of about 300 to 400-MVA cépacit&),will néverresonance‘fre-

“ qﬁencies.of about 94 Hz; 682 Hz and IISO‘H; for mode n=2-and th.r‘

5.2e Mede Shapes and ﬂechanicel Response*

For the purpose of acqulrlng a physical understand1ng of the
phenomenon of the presence of more than ofie resonance . frequency for each
medal pattern, 1nfbrmat1on about the amplltudes of the d1fferent displace-
ment. components, w,v and v of the core and the frame at the. louest three
resonance frequenc1es of the stator under conslderat1on when it is

v1brat1ng 1n a mode 1den11fied by four c1rcumferent1al nodes, are glven

-
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in Table 5.1 for'tne two cases ofr =0 and m=1l. As there is no unique
basis for comparing the magnitudes of the various d1splacement components,
the maximun displacement at each frequency is taken as the normaliz1ng
~ factor for that frequency.

As a matter of fact, the various vibracion comPOnents are:asso-
ciated with each other in each‘of therresonance—frequencies but with
- different ratios as exemplified in Table 5.1 . lIt'is shown in Table 5.13-
“that the lowest resonance frequencyVis associated with only radial ano
tangential vibrations. At thls frequency, the radial V1brations are
predominanf and hence they characterize the mode of V1brat1on. The sllght
‘_difference between the amplltude of the tangent1a1 component of the’ core
‘v1brat10ns ‘and that of the frame, at this frequency, shows a relative .
rotatlon of the frame sbout the core. At the second frequency, the vibra-
tions e.retpurely"axial., With respect to the third Frequency, the vibra-
tione'are again'nlane'vibcations; infolving radial anojtangential vibra-
. tions, with predominahcéZOf the tangential vibrations. It is,intenesiing
to note that the ratio of predominance of the radial and the-tangential_
vibrations in the first and‘third‘frequencieS'is 2.6 eno 2.8; respeéﬁively,'
as compared to the velues of 2.0 and 2.0.inrthe_case of vibrations of 3
'thln r1ngs40 |
| The most str1king result of Table 5. la is that, for 1nstance,
- purely radial 'electromagnet1c‘force haV1ng_frequency equal to, or near,
the firsf resonance frequency of the stator, excitee'significant torsiona1'
vibrations in addition to the radial vibrations On the other hand atangen-

'-t1a1 force hav1ng the same frequency will excite radial vibrations of

' much'greater amplitude (in this case 2.6 times) than that of the torsional
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core displacements

£rame'disp1acements‘

frequéncy order

radial

tangential

axial

radial

-tangential

axial

first frequency

0.387

1

0.332

second frequency

third frequency

0.33

0.945

0.33

{a) For the-case m=20

o —

core displacements

frame displacéﬁents

frequency order

radial

tangéntial

axial

radial

;angenti#l

axial

firSt'f:eQQéncy

0.655

1,000

0.419

0.655

0.990

0.476

second frequency

0.414

0.940

0.738

0.414

1.000

0.700

third ffequency'

[ 0.031

0.895

0.997

0.031

0.927

1.000

(b) For the case m = i

Table 5.1 Relative displacements of the core and frame
for mode n=2 ' :
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vibrations excited by the same force. Similar observatidns can be mede't
for the.third frequeney, Table Stle,as well as for'the'three frequeﬂcies
given in Table 5.1b. In the presence of flexural vibrations along the
maehineelehgth“'it can be noticed from Table S.1b that elllthe three

_displacement components are associated with each other atyal}_the res-__

. "-—....-”'“"H"

onance frequencies of theletator_regardless of their erder, In this case,
a purely radial, tangehtial erraxiel exciting fbrce.will‘give riee to

| significant responses not only in its own directien hut also in the other
two directions. Such coupllngﬁ between the different displacement

components are due to Porsson s effect in materrals.

5. 3 Effect of Enca51ng the Stator-Core in the Frame :

-From Figs. 5 i and 5. 2, it can be. observed that the presence of
7the5frame-has practlcally 1ns1gnif1cant effect on the. lowest resonance
'frequency of the stator, for a given modal pattern. Thls reveals the
presence of a weak coupling between ‘the stator-core and the frame at thls
-frequency.‘ Such a faint coupling results in a predomlnance-of‘the stator
| -eore_to the extent that this frequency can be calculeted without'appreci-
able error by totally ignbriné the presence of the frame end-considering
the vibrations of the stator-core alone. This-is in agreement with the
observations made by Jordan and Lorenzen®?.

. However, the frame has a considerable effect on the higher res-
egegce frequencres as shown in Figs. 5.1 and 5. 2. This results from the -
swstantial couplmg between the stator-core and the frame at these fre-

quencies. The presence of the strong coupling at hlgher.frequencies is

reveeled by the fact that the resonance frequency of the composite stator

lies considerably below the cerrespohding resonance frequency of the
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stator-core alone.

The observations mentioned above. show that j_:he" 'coupling_between'
the stator-core énel the frame depends on the or'dei of the frequency and
on the associated mode of vibration.

- As exemplified in Table 5.1a, the lowest frequency of the stator |
for n;-l and m=0 is associated with a mode characterized by a predominance
of the radial vibrations, while the second and-third fre_t;uencies are
associated with pﬁre .axial and predominant tangential vibrations; respec-
tiifely. Also, it is found that the only non-zero —frequency for the case
of n=0 and m=0, F1g 5.1, is associated with pure radial vibratmns.
Similar observations have been made in several pubhcations40 +45,53,59

Referring to Fig. 5.1, th_e coupling betwe'en the core and the |
fraﬁe is negiigibl_e_ Vfor modes characterized by predomihence of radial
vibrations. In the case of modee characterized by predeminence of axial .
or t—angential vibrations, the coupling is substeﬁtj.al.- This is to be
: expeete&' on the basis of physicai considerations.

| By considering Fig. 5.2 and Table 5.1b, similar observatiozi's can
be_l_nade for-the case of m=1. The vibrations associated with the lowest
as well ss the other resonance f;t'equencies for n»l are 'ch‘aracterized byr
‘_coupled"radial tengential and axial displaoements 'l‘herefore, a stronger
coupling between the stator-core and the frame exists in the case of mal
as compared to the case of m=0 for the different frequencies. Also. it is
found that the mode associ‘ated with the lowest Iresc‘mrance frequency of the
st'lator for the case n=0 and m=1 is pﬁrely torsional and this is the :easdn
of the relatively strong coupling at this frequency. Fig. 5.2. Moreover,

Fig. 5.2 shows that the third-'frequenc)-r for the case m=1 is associated
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with a relatively strong ‘couéling between core and frame.. 'I'hlis caﬁ b'e'
perhaps attribl.-lted" to- what has been noticed in Table 5:._]1: qf neg‘ligi‘ble-
radial'Vibraﬁions #ssociated with this frequency.
"Finaily, Figs. 5.1 and 5.2 show that the-;oupliﬁg between the

stétor-core and the,ffame_doés not gctually dapend_on the-complexity of
the mode arbund the machine circumferehce,-especially for modes:nﬁz.
5.4 Effect of the Circumferent1a1 Wave-Nunber on the Resonance FrequencJes
' " of the Stator |

It can be,'fufther; oticed from Figs 5. lrénd‘s 2 that not only the .
-low-est resonance frequency increases with the 1ncrease in the complexlty of |
-”the c1rcumferentlal mode n, but also the hlgher resonance frequenc1es |
follow the same trend in the range of m_ode numbers under consideration.

In the case of umiforn amplitude of vibrations along the machine
‘1?QEEP’¥i;§' thnfm503'the total stiffness of the stator walls is almost
entirély cq@poéed'of‘bending stiffness?l. As n inérgases,'thefben&ing '

40‘41’53-and consequently the res- |

stiffhess of the statdr walls increases
onance frequencles of the stator will show a con51stent increase in the1r
values with the increase of number of waves about the mach:.ne c:l.rcumference y
as shown in Figs.5.1. On the contrary, in the case of m=1 the stretch:ng"

41 and that 1s-.

st1ffhess -will be more promnnent than the bend1ng stiffhess
why the amount of increase in the values of . frequenc1es with the increase
 of n, 1n general, is less for the case of m=l than for the case of =0,
Figs. 5.1 and 5.2, partlcularly at .the lower values of n. Further, accord-
. ing tq‘reference (41) the stretching energy l‘decreases rapidly with fhe
increase of the mumber of the circumferential nodes, while the bending

~ energy - varies in the reverse mamner. It is not surprising, therefore,
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that there is 8 n-range within which theee‘two effecrs balance each
other in sueh a manher that. the frequency remains esseﬁtially'constant
as is the case at the lowest resonance frequency of the stator under
con51derat10n, Fig. 5.2.
5.5 Adventages of the Encased Construction of Stators from. Vlbratlen
Cons1derat1ons B |
| In order to show the advantages of the encased construction of
‘stators over the conventional constructlon from the v1bration point of '

15 §s considered here.

view » the model 1nVestigated by Erde1y1 and Horvay
Thls model is a stator of a 30-hp, 4-p01e inductlon motor. In this
-model the stator-core is supported by the frame with the help of rad1a1
and tangent1a1 ribs as shown 1n Fig 5.3. | |

The calculated values of the resona:ice frequencies of this stator,

according to reference (15), are given in _Table 5.2.

460 | 1170|1205 | 2240 3660{ 5200}

490 | 1225 | 2060 2940 4240{ 5580
‘Resonance : . o

|frequencies | 1140 | 1580 { 2560 3950 6240] 9780

10430 | 8200 | 2940 | 4750 6980 [11650

Table ‘5.2 The cafculated values of the resonance frequencies
of the stator ‘model 1nvestigated in reference (15)




top radial rib

787 cm

tangential rib

\.‘ciiftor' core

support 19.65 cm

, . 7 N 7 ;
o o \_ boteon zadial sib
" Fig. 5.5 Stator investigated in reference (15)
It has been pointed out by Erdelyi and Horvay that, in the case
Aof:such a construction, there are four resonance frequenpies for every
mode, aS'sbown in Table 5.2, These frequencies cor;espond to whethéf
the antinodes or the nodes of the mode lie on a radialhriﬁ'and whether
core an& frame move in phase or in antiphase.
For the purpose of investigating the advantages of the encased
construction, the stator-core of this model will now be coﬁsidered to be

encased in the frame (ribs removed), as shown in Fig. 5.4.

The resonance frequencies of this stator, Fig. 5.4, were calculated
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787cm

Flg. 5.4 The encased version of the stator '
invest1gated in reterence (15).

by using the présent‘analysis,-considering the same valueé of mass-density

' and other material constants as those used for the calculation of the-
frequenc1es given in Table 5 2. Moreover, the efféct of the teeth was
.considered by add1ng the mass of the teeth to the mass of the yoke, as
'done 1n reference (15) The calculated values of the Tesonance fre*

' quenc1es fbr the encased Verslon of the stator are given in Table 5.3.

n 2 3] 4} s| 6 7
[Resonance | 560 | 1572 2897 | 4469 | 6227} 8123
| frequencies S S

Table 5. 3 The calculated values of the resonance
frequenc:es for the stator of Fig. 5 4
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A comparison'between Tables 5.2 and s.slshéws two distinct
' advantages-df the encased construction over the_conveﬁyion31 one with
ribs from the vibration considerations. lThese advantages are:

1) The conventional construction with riﬁs deliﬁers four resonance .-
frequencies (or even more depending on the number of ribs) for
each modal pattern, whereas the encased cqnsfruction delivers,
correspondingly, Only‘oné frequency. Thisris-to be expected as
fhe fTame,is forced t§ follow the motion of the core due to the

absence of discrete points of support between the co:e‘aﬁd the

frame in the encased construction.
' ii) Fbr each mode; the'oniy existing resonance frequency iﬁ the case
| » of the encased construction is higher than twb-or three of the
éorrespondihg.resonance ffaquengies of thé'convantional‘ﬁbnstruca
tion. - | | |

From the above, it is evident that the encased construction is

very advantageous from vibration and noise considerations.
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6. SIMPLIFIED FREQUENCY EQUATIONS

In order to reduce the amomt'.of: calculations a‘ﬁd-simplify the
| analysis to a considerable extent, simplified frequenqy equations are often
dési'red. The modified 'éﬁuatioﬁs sﬁould‘ Be de‘velopﬁd in such a way thaf
results with reﬁsonablé accuracy are obtained. Thfee‘types of simplifica-
tions é,re considered here. These simplifications are introduced on the
basis of the actual construction of the electrical machine, where the frame-
thi_ckness to frame mean radius ratio is in the range o_f-1/12 or even less.
It is obvious, therefore, that only the part”of_th§ general freqﬁency
equation which ‘involves the parameters of the frame, has to be modified.
The simplifications are described in the following and the validzty of. each

of the s1mp11f1ed frequency equat1ons is discussed.

6.1 Modified Frequency Equation According to Domnell's Simplifications
The simplified Fll'.;‘gge's equations for the inbtion of the frél_me', :

‘which are obtained by considering Donnell's simplifica_tions“_,_zire:

2
: G R2 * 2 3 Wf .
nfuf+vf+wf+k(w +2w +wf)- o Pyt 7 = 0 ' eeee (6.1 a)
f s ce _
g o, ., ligw , p2a oV | o
T UVt o Vet -l-)-;pe-n 'atz =0 _(6‘.1 b).
w b L T, 2, , u, | |
u£+ 2 uf+ 2 vf*'uf"f* Df pz-n atz = 0 o B LR NN (6-1 C)

When equations (3.7) are replaced by the above equations , the‘
last three rows of the matrix [T], glven in equation (3.15), will be

cons:derably s1mp11f1ed and will assume the form g1ven in equation (6. 2)
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6.2 PFurther Modification of Frequency Equation by Neglecting
Displacement- -Gradients Across the Frame-Thickness
In this case, the d1sp1acements.of a point situated on the -
mid-surface of the frame and the‘corresponding displacements of a pointi
on the inner surface of the frame (both the points 1yingron the same
- radial line)'are.essumed to be egual. ACCordingly,.equatione (3.11)

are to be replaced by the followings:

W =Wy | | Cere (6.3 )
* ' ' _ .
V.= Ve | .. (6.3 o)
ugmue el (6.3 0)

Introducing therabOVe relations in the‘anaiysisé in which 
Donhell's eiﬁplificetions'have beeo‘included, the ieet-three Trows ofr
. the matrix [f]‘ﬁiil now reduce to the form given in-eouation (6.4)
- 6. 3 Modifled Frequency Equation by Neglecting the Presence of the
Frame
‘In the absence of the frame, the stator-assembly can be considered |
to have a frame of zero thickness. By introducing "h=0" in equation (3.15), -
the last three TOWS of the matrix [T] will be considerably simplified to
the form given in equat1on (6.5) 7
_ It may be noted that these rows are 51m11ar to the first three |
rows of the general matrix [T], equat1on (3.15)._ This similarity is to be
‘ekpected oue-to the fact that in the absence of the frame, the boundarj
cond1t10ns at both ‘inner and outer surfaces of the core are the same. Further,
it is worthwhile to mention that these rows can also be obtained by asslgn-

ing a value of zero to the thickness of the frame in the original equat1ons

of motion of the frame [equations(s 7)) ,and then seek1ng the solution . for
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the Stétor-assembly, In this connection, equations (3.7) reduce to the

following:

| 0

rurs -r-rs

r=?3

which are the boundary conditions at the outer surface'of a free stator

-Core.

6.4 Validity of the Simplified Frequency Equations

To check the validity of the three different simplifications

introduced in the general frequency equation, the model used for obtain-

" ing the results of Figs. 5.1 and 5.2 is considered. The various fre-

qu@ncies‘hawe been calculated by considering these simplifications for

" the two cases of m=0 and m=1. These frequencies are the lowest three

el (6.5)
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resonance frequenciesifer the modes n=0, 1, 2 and 4.  Thus, the validity
.Of_the simpiified frequency equations can be checked for the most impert-
ant modes of vibrations. | | |
; The farious resonance frequencies of the stator calculated accord-
ing to the general frequency equation were compared with fﬁose_ca;culated
by using the three siﬁplified frequency equations and the errors involved
_are given in Table 6.1 | |
‘In Table 6.1,,tﬁe first approximaeion corresponds te Donnell's
siﬁplifications tﬁe-second correspends to neglecting the displacemeﬁt
-gradients across the thlckness of the frame together with- Donnell' |
s1mp11fications and the third corresponds to completely ignoring the
presence of the frame From the table, it can be obseqved that:
,(i) Introduclng Donneil's simplifications in the general frequenc} |
"equatlon has practlcally no effect on the values of the computed
frequenc1es in general .
‘-,(ii] The second simplificatlen delivers results w1th good accuracy
” for the resonance frequencies other than the ‘lowest order res- |
~_onance frequencyressociated with modes.n)z. ;Eﬁen for this |
lowest order resonance frequency, the.accuracy_is adequate. - In
this connection, it can be seen from equatienet3_11) that the
second simplificatien will involve efroie'of'higher magnitudes
~in the calcﬁlation of the resonance frequencies associated with
modes character1zed by predomlnance of radial vibratlons and .
~having a higher value of n.
(iii) The third simplification results, in,general,'in a c0nsiderab1e

error in the calculation of the resonance frequencies. The error,
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first secbnd ,  third
. : simplification | simplification] simplification |
frequency n '
order : , o
‘ m=0 m=1| m=20 m=1tm=20 m=1
of -- ” -- 0.33] - ] w1209
B 1 | -- * ~ | s0.m1] -- +12.5
' 2 . » | -s.64 | -<s.0| -s.43 | -<3.0
4 |+0.11 v -39 | -3.8 | -2.63] 2.0
o | -- * - -0.11] - +9.05
1 » * * * -+9;47; +1o;i .
2 2| - . . + | eoss | w100}
4 * * * o | v0.02 | w103
0 * * * soaar| souas | erns)
- 1| » | wos2 | w0.27| a2 | s12.0]
R AP » | +0.46 | +0.37] +12.64] +12.2]
a |+ s | s0.37 ] s0.31] s13.18] +13.41

*

: The percentage error is less than 0.1.

: The value of the resonance frequency is zero.

“Table 6.1 Errors in the values of the resonance frequenc1es
" caused by the various simplifications
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howévér,.is considerably less in the case of the lowest fre-
quency associated with modes my2. This is to be attributed to
what has been observed from Figs. 5.1 and 5.2,‘ that the contribu-
tion of the frame towards the resonance frequencies associated

with aforesaid modeés is of minor importance.
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7. CONCLUSIONS

'VAn analysis of general nature for the calculation of the -
various natural frequencies and mode shapes of a s;a;ef hewing encased
‘cdnStrﬁetion hesjbeen developed.‘-The_stetor considefed consists of a
thick eore. loaded with feeth and windings, which is eneased-in a thin
frame. In the analysis, the three—dimensionai theory ef'elasticity has .
been used for the core, and Flugge s theory of thin-shells has been
applied to the frame. The analys1s has been developed in such a way
th.at the effect of the teeth. and windings can be cons:.derede:.ther :
rigorousiy or in a simple manner by taking inte accout omnly the‘maes‘
of the teeth and windings. The effect of the framelhas3been treated
-rigorously as_‘smniﬁg tiietlthe encasing is ideal. Iﬁ edaition, the
flexufai viﬁra;iohe7alongéthe'machine-length ha#e-ﬁeen considered in
the enaiysis;- | | L ‘  o

.The frequeney equation obtained is applicebie'to any mode of
vibration including therzerorand'beam-type modes. Moreover, the'fre-.
qﬁencylequation provides information about not only radial vibratiuns,_-
but also about torsiohalland axial vibrations. Besides, the analysis
.delivefs complete informefion about all the possible natural frequeﬁeies
associated with a mode of vibration of the stator. |

In the course of invest1gat1ng the nature of the vibrat1ons
associated with some. spec1al modes, it has been found . that the general
frequency equatien for such modes degenerates into two or three un-
coepled frequency equations.  In this connection, it has been found that

the resonance frequencies become associated with either pure torsional
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or cOupled radial rnd axial vibrations when the vibrations are uniform
alung‘the'machine-circumference.; On rﬁe_other hand, when the vibrations
are unifbrm along the machine.length, the‘mo&es associated with the
various resonance frequencies become either pure axial vibrations or
plaue vibrations involving coupled radial and tangehtial vibratious.
In the very spééial.case which comprises both thé above cases simultan*r-
gously, thé vibrations become'either pure axial, ﬁure tbrsional or pure '
‘rad1a1 ' | | |
The numerous compar1sons drawn between the measured values of
the resonance frequencres and those calculated according to the present
"analys1s lead to the. belowlag _ | | |
(1) The present analysis, together with an approxlmate factor fbr
| _takrng the effects of teeth, w1ndingsrand,¢oolrng‘rxbs ;nto
iaccoun"t; delivers reasonable accuracy ih'éuiéulatihé the values
: uf the résonunce‘freﬁuenéies especially with;reféréncéjtu"ldwér
‘modes . | | | | |
(ii)‘ The effects of teeth, windings énd cooling ribs.shOuld be
r\cdnsidere&”riéorously along with the preséﬁt'analysis'fOr 3: 
fﬁighlyuaccurate assessment of the resonance frequencies_éf
stators. | . |
-(iii)r In the calculat1on‘of the resonance frequenc1es of stators of
o ‘both small and large machlnes, '.cons1derat10n-of the,mass
only of teeth;VWindings'and.cooling ribs‘in'thé present analysis
leads to-substéntiul errors, especially for:rhe highér modes .
 The detailed investigations done in this fhesis,rfbr the study of 

the vibration characteristics of stators having'encaséd'construction, have
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led further, to the fb110w1ngs.

(iv)

W)

(vi)

(vii)

(viii)

The stator has several resonance frequencies fbr a given modal
‘pattern, and in the case. of large sized machlnes at least two
resonance frequencles, other than the Iowest one, may lie w1th1n
‘the dangerous frequency range of noise production. N

A purely electromagnetic radial, tamgentlal or axial force hav-

ing an exciting.frequency equal to, or mear, any of the‘reso-

nance frequencies of the stator, of the same mode, may give rise

to significant-responSes not only in its own direction but sisb

in the other two directions.

Athreas the‘ptesence oflthe frame has practically:insignifitsﬁt
-efbetrbn theriowest tésohancerfrequency‘of thé stator for a
given modalr pattérn, the higher 'fre'quencies aré COnsidéra'b.ly‘.
affected and’ they are‘lower than the correspondlng frequencies
“of the stator-core alone. o
The presencé;of flexural vibrations‘alongfthe'machinehlength
results, in general, in arsonSideréble inctéase iﬁ'the valuss of
“the resonance frsqhencies of the stator. |
;The‘anoth of coupling between thekstator-coré'and the frams_is
not determined by the complexity of the mo&etsround_the circum-

“ ference buthy the order of the resonance frequency and the mode

- shape along the machine-length

(ix)

Stators haV1ng encased constructlon possess several’ advantages '
from v1bration and noise considerations over the stators having .
the convent1ona1 constructlon (w1th ribs).

With a view to’ reduc1ng the calculation effort and sxmp11fy1ng the .
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analysls to a large eitent,'three,diffbrent simplificatlons have beeﬁ
introduced separately in the general frequéncy equation, These_
_simplifi.c.aticns have been suggested on the basia of the actual construc-
tion of electrical machines. Regarding the validity of the simpiifled
frequency equations, it has been found that:
1- The_frequency equatiohrwith Donnell's siﬁplificaticns delivers
| éxcelieat:accuracy with considerably less calculation effort.
2-l Neglecting the displacements-gradieats across the frame-thickness
| 1n the analy51s retains good accuracy especially 1n calculating
the Tesonance frequenc:l.es other than the lowest order frequenc1es
| _ assoc1ated w1th modes ny2. |
'_ 3- The calculation of the resonance frequencies of the compoaité- |
'.staior considering the vibratioas of‘tha‘statof-core aldha (i;e.
‘ignofiag the'prcséacelcf the;framé), results in a ccnsiderable -
error which may well exceed 10%, The error is,-ﬁowevergrléss‘in
calculating the lowest resonance frequency for modes having four
cor more C1rcumfarent131 nodes.

‘Finally; although the various frequency equaticcs have been
derived fbr the stator-assembly consisting of the core .and’ the’ frame,-
\they can also be used for the determinatlon of the v1brat1on behav1our
of the stator-core alone- in ‘the absence of the frame,by 8551gn1ng a

value of zero to the frama helght. g
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9. APPENDICES

' Appendix A, Solution'for tﬁe General Frequency Equation
Equation (3.15) caén be written in the simple form:
| [r1 . s1=0 : ceee (9.1)
where, [T] is a-six by nine matrix, while tS]-is a nine elements vector. -
Further. the solution of equations (3.5), according to Table 3. 1, has

the general fbrm

n(rD A Z (w r)+eh2Qn(m1r) ’ . T eees (9.2 e}
Ve Fal® r)+An4Qn(mzi') . - e 0:28)
and xn(r)'A Z (w r)+An6Qh{m2r)}. - e (9.2 cj

Here, Z denotes a ' J or I Bessel function and Q denotes a Y or
K Bessel funct1on. | .

| By substltutlng equatlons (9.2) in equation (3 15), a system of

Six'homogenous algebraic equat1ons is obtained. These equations can be

~ written in the fbllowing matrix-form:

[ ] [A ] = 0 » - . o.noa (9 3)
- where; [P] is a six by six square matyrix whose elements are:

Rlelzn(m 1Rlezn(u1r2)*T132n(m1r2) L (94w
R2’I‘ z wRT | e '

14° n(m2 2) “2 15 n(m2 2) 16 n(m2 2) csea (9e4 b)
R2T17zn( )*“'zmlszncw ) T19%n(u,r.) (9.4.¢)

2 2 2 2 2 2 LI N . Ll - ¢

=W RZT Z ' +w RT Z
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2.2 e s
P23 w. "R T24Zn(w2 2)+w2RT252n(m )+T262n(m2r2) vee. (9.4 8)
3 l— i ..‘.-V 9-4

wy Rsz‘rzn( v, 2)*‘”2”23%(:»2 2) Ty n(mz ) .- (9.4 1)

Py =w, 2RT, 2" +w,RT,. % ee. (9.4.8)
31 1 31°n (wl 2) 1732 n(w1 2] 33 n(m1 2)‘ ‘

| 2.2 ' ‘ . | 9.4h)

Pygmoy R w, 2)+m2k-r352n(m2r2)+T362n(m2r2) vees (9.4.0)

' | | L (9.4 1)

pss 2 R T37 ( 2r2)+m2RT382n(w2 2) 39 Iy o @ 1)

P..sw. 2RoT, 3 w.RT ver. (9.4 3)
41791 R'Tyy n(wl 3) wiRT 4, n(wl N T3 n{wl ) |

’ 'R E] - k

R2T44zn(w rg) "2 45 n(m " 46 n(mz 2 - (9.4 K)

. 2% | T : | 9.4 1
Pygmuy R T47zn(m 3)""’2”48211(..,2 3)“T492n(w2:3) ceee (941
Pey o 2R2T51 +m1Rr522 oz Tssato v veee (9.4 m)

n(w wy 3) n(m 3 n(wry | ,
LR I N ) '4 ’
Rzr54 n(m 3)*“‘2 55 n(m )" Tse n(m2 5) (9.4 f":"
g=w R2'1‘57Zn( ' )N"ZRTSSZn(w ) 59 n(mz 3) veee (9.4 0)
| 22 | . o | '
| | T .2 .. (9.4
_"61 1 R Tslzn( 0,7 3)*“’1”623n(w1r3)_“ 63'n(uyry) (9.4 )
| “("’2 3) "(“’2 P66 WyT3)
2.2 | o
Pgs=, R T67zn( ugts)’ “’2RT68Zn(m r3)+T692n(w2r3] ee. (9.4 1)

where; Pij and Tij_gre the elements P(Lj)‘a"d T(ij); rgspect1v§ly. The
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missing elements P(i +1) of the matrix [P] can be found without
: »
difficulty by're lacing Z_ in the above expressions of P by Q. -
. P n . . . (isj) :

The elements of the vector [A_] are A ,'A ', A s A s A and A .
B oM Myme Mym Mg M

Bquation (9.3) can have a non-triviél solution if, and only.if,'
the detérminant of thé coefficient matrix [P] vanishes. Hence, the

frequency equation takes the ' form:

|Pl=0 : o ee. (9.5)
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Apaendix B. The Calculation Procedure for Determinlng ‘the Values of
' the Resonance Frequencies of the Stator’

- The frequency equation given by equation (3.16) is a very com-
plicated rrauscendeﬁﬁai equation involving a large number of material
and geometric parameters. The solution of equationi(selﬁ) is a fairly
difficult numerical problem due to the non-linear change of resonance
freduenties-with any of these paramerers; However, once values are

- assigned to these parameters the frequency determinant {P| becomes a
function of the frequency factor,%é alone, and accordingly the zeres of
the determinant can beievaluated. 0As it is clear from equation (Sflé), -
these zeros correspond to the resomance frequencies of the stator under
cons1derat10n. o

A computer programme was developed using a standard cemputer
,subroatlne for “the evaluation of determinants. In contrast to the earl-
ier graphicai method54‘of‘determinin§ the zeros of'the freduency t

dererminant, bf'plotting irs values rereus freguenc&, fhe computer is

erdered to do this aearching process wi thotit ﬁlotting and to deliver the |

' requared values of the frequency with an accuracy of about 0.1%.

 First of all, the value of the determinant is evaluated at a
prescribed starting point and at intervals of specified width thereafter,

:up to and including a prescribed end point. ‘A change of sign of the

determipant_aeross a certain frequency interval indicates a root in that

, inrerval. The inrerval of calcalation islthen made much smaller and the
.-direction ofjscanning is reversed. The process'ielrepeated until a root

is obtained within a prescribed accuracy. Additiohal roots are obtained

by re-entering successively into the iteration subroutine with a new

starting point closely beyond the root obtained just previously wtil the
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eﬁtire region of calculations is .covered or until a preﬁcribed ﬁumber
of roots is obtained.

It is worthwhlle to ment1on that sw1tch1ng from the Bessel
functions J and Y to the modlfled Bessel functions I and K across the
boundary values of m=c1 L and 2 %35 according to Table 3.1, will

45 This simply means that undesirable change

give rise to spurious roots
of sign has been registered across these lines during the iteration pro-
cess.

" The flow chart of the computer programme prepared for the cal-
culat1on of the resonance frequenc1es is given in the f0110w1ng pages.‘
The synbols used in the flow chart are consistent with those developed

by the ASAX3.6 committee on flow chart symbols for information processmg61 62
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Read material and geonetriy

Parameters of the stator

R . ; :
Read data which defin?____“_ start and end

| ) ‘ {points and interval
the searchrgg proces of calculation

[calculate the terms of the frequency coefficieht matrix
_{which do not depend on frequency and mode shape under
: @ ~ ‘jconsideration 5

Declargtion of the c1rcmnferent1al
mode under consideration

' i

. Calculate the terms of the frequency coefficient matrix
- Jwhich do not depend on frequengy and Imjltudinal mode
shape under consideratlon

4 : .
G - A Declaratrcm of “the longitudinal
- mode-tmder. consideration
I - ,
Calculate the terms of the frequency coeff1c1ent matnx‘
which do not depend on ‘the frequency : ‘

' @ e Starting point of the
o searching process

L

Consider next -' value Calculate the value xpanded for .
of frequency of the frequency - = = fexplanation in
page(104)

Write the values of -
frequency and fre- 1t the starting point of
~the 5earch1ng proces

uency determinant/

the value of the frequen
eterminant different in sign from the
: previous value

Reverse the direction
of scanning and start

another searching pro-}
cess using smaller. '
interval of calcula-
tion
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Start another searching

process for the determina-}
[tion of the next frequencyj.

there any other longits
udinal mode to be considered

is
there any other circumfer-
~ ential mode to be
considered

is o
“there any other stator to be
~ considered _
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Calculate terms of the frequency coefficient
matrix which depend on frequency

Form the frequency B
coefficient matrix

Intervals of
frequency are
defined in
Table 3.1

Bessel functions to be Bessel fimctions md/or the

evaluated is according modified Bessel functions

the choice of the -<Ca11 subroutines which calculate)'
to.Table 3.1

Calculate the thirty six
elements of the frequency .
determinant -

determining values

' -Call “subroutine 'fdr) o
of deteminants
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. Appendix C. Derivation of the Freqﬁency Equations for the Special
_ Cases : : ‘
a) The case m=0 .

. When m=0, the longitudinal wave-number M vanishes. Under such
a condition, certain elements of the matrix [T], équation (9.1), vanish

-and'accbrdingly'certain_elements of the matrix [P], equation (9.3), ﬁill

vanish which reduces the matrix [P} into two sﬁbdeterminants, 
[P,] emd [P,], such that | | |
| [Pyl - 12,1 =0, s (9:6)
where; | > 'b1z Pis Plé
[Pyl = | Pyy Pap Po5 Py e (007)
Par Paz Pas Pys
P51 Psp Psg Pog
and  [Pp) = | Py Py, | o . 9.9
| Pes Pes

. The elements pij in'equétions (9.7) and (9.8) can be evaluated
from equations (9.4) by putting M=0. For this case, of course, only

interval-I of Table 3.1 will be required in the calculations.

b) The case of n=0

_Siﬁilarly, for this case, the frequehcy equatiou becomes :

B e
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11 12 13 14

[P3] = P31 Psp P33 Py Ceeee (9.10)

Pa1 Paz Paz Paa

P P

61 63 64

md [Py) = | Py P SRNCEE

P55 Pse

The elements'Pij in the above equations are to be obtained from

equations (9.4) by substituting n=0.

c) fThe‘case of m=0 and n=0

In this pafticular case, the frequency equation reduces to the

form: ,
LA LA =0 e (9.12)
where; : o : . ' o - .
[Pgl = [Py Pyy | veee (9.13)
Ps1 Paz

‘Where the elements Pij.of matriceS'[Pz], [P4] and [P5] are to be obtained

from equations (9.4) by substituting 8 zero value for m and n.
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Appendix D. Derivation of the Factor for Taking the Effects of
: Teeth, Windings and Cooling Ribs into Account
Lo
According to reference (16) and (17), the resonance frequency
fn of a single-ring stator, Fig, 9.1, for mode n can be calculated froim

the. following formula:

cooling ribs

+

E Fig. 9.1 Details of the stator studied in referénCe (17)
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.. R N 1

" N J 2) +a ('2-1)[n2(A +A +3)+3A
A R n w/a,""8/8 !

o . R,
7 1*_12 T

ol
.es (9.14)
.'where;
A = factor representing the effect of normal forces produced'
by teeth windings and cooling ribs.
=1+--(wn Won_ Wn_ ) ,
. Wy t-r‘t R rR W rw
= factor tepresent1ng the effect of shear forces produced :
by teeth windings, and cooling ribs.

(W.n +WRn9R+ane ) I

4q

W t e
y

factor representing the effect of bending moments produced
by teeth w1nd1ngs, and cooling ribs

1+ —-'(W W By WpBen ) ,
W n "RERm

>
]

W= weight ’

h: :
Ry +6(5;-) +3

N tan(nlhi)
"y, = TQ.h, -
il

Y c L%y

o Bhy (45041

$:447Y;%. hy  Y;S; h Y;€:*8;L .
[y o g 1 v g ? 1Y
@h,) "I @h,) i @np?
m, © R, b 2 ; ,
' 5 + ;,‘5;— & ] (gD
Py - IZpi 1/4
B = 'ﬁ%'mn o By s 2} s
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sy = sin(ﬁihi) . c; = cos(ﬁ}hi) .
v; = sish(R;h) L cosh(ﬁihi? s
' i h
cC = El’. R . I = .L ﬁx
-N; = mean radius of the stator-yoke, Fig. 9.1,

hi = height in the radial direction, Fig. 9.1,

b. = width in the tangential direction, Fig. 9.1,
E. = modulus of elasticity

Py = dens1ty

suffix refbrs to stator-yoke (y) or teeth (t] or windings
(w) or cooling ribs (R),

[
1]

and mﬁ f21t_f n

In the case when the teeth, windings and cooling ribs are absent,
the resonance frequency of the uniform stator-yoke can be calculated from
equation (9‘14)rby substituting A =1, A,=1 and A =1. Accordingly,
equation (9.14) will reduce to the form

* .
f_ = resonance frequency of the uniform stator-yoke

CI n(n"-1) 1

(9.15)

yfater \,mz @hpates)
Y %)
From equations (9.14) and (9.15), the factor which takes into
account the effects of teeth, windings and cooling ribs in the calcula-

tion of the resonance frequency of the stator will have the following

form:
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- n2+1+1y(n2-1)(5n243)
2 2
naA r-hAe-l-I

1

a = e (9.16)

m2-1) n (8,#85+38,)+38,)

N
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