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ABSTRACT

All industries use energy conversion units a majority of which are
asynchyonous electrical machines. But eneigy conversion unirs emit noise
resulting from vibrations and this destroys the environments within which
the converters are situated. This paper proposes a technique by which the
tooth mass of asynchronous electrical machines can be regulated to reduce
vibrations and hence noise emitted by the machines so as to make the
environment almost noise free.

INTRODUCTION

The reaction of stator and rotor fields due to higher harmonics at skewing
the teeth causes vibrations, Fig. 1. It has been shown through experiments
and calculations that vibrations caused by 1st slot harmonic at tooth skewing
with tooth pitch are sizeably smaller than at straight teeth [1,2). This is
particularly so for those motors in which the ratio of numbers 2z and z
which are the numbers of teeth in the stator and rotor respectively are not
compatible. This paper analyses how skewing can be used to reduce the
noise level emitted by electrical machines. In addition, it proposes a method
by which teeth mass can be regulated to improve vibrations within these
machines and hence reduce further the noise level. - The testing of the
proposed technique is done using an asynchronous machine.

THE EFFECT OF TOOTH SKEWING

In this analysis the core of the machine is considered as a cylindrical casing
exposed to a system with r number of waves which periodically change
with time and along whose periphery radial and tangential forces are
distributed symmetrically. Figure 2 shows details of the distribution of the
waves being considered.
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Magnetic field in the gap at straight teeth in the stator with skewed teeth
in the rotor may be described by the following expressions:

(a) Field harmonic of the stator , _
by=Bycos (v - @ - @) (1)
ie without change in relation to the usual equation [3]:
by = fulho = By cos (v& - ot - ¢1) (2)
(b) Field harmonic of the rotor [4] :
by = By cos (D - YZ/I)-oyut - @ ) (3)

where ¥s = 2bg/D; - central angle of tooth skewing
bs - arc of rotor tooth skewing
D, - Diameter of the rotor
Iy - length of rotor plates
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Different from the usual equation which is of the following
form [3,4]:

by =fuAo=Bycos (WU - wyt-¢2) (4)

equation (3) takes into account the additional phase angle WyZ/l,
due to tooth skewing.

Both of the field waves in accordance with equations (1) and
(3) produce radial power waves

p, = P, cos (rf - wt - ¢, - uyz/l) (5)

5000/ {\ 5000
Ir=px7 &0==26;¢=¢, %t @,

where Pr = ( By ) ( B" )kgﬁcm2 (6)

At studying the effect of tooth skewing on the level of vibrations of the
stator it is possible to ideally introduce a variable sign radial force laced
at every elementary plate in the form of a rotating vector, Fig. 3, the
projection of which on the radius gives a value of an exciting force in
time. At straight teeth elementary plates taken along the stator bore will
be excited by magnetic forces with same values and phases, Fig. 3 (a).

The resultant force acting on a strip of thickness 1 cm and stator length 1, is
the algebraic sum of all elementary forces. The full cycle of change of
these forces takes place within a time through which the rotor moves by
one division equal to the length of the wave |t and Y depending on where
the skewing has been done - in the rotor or stator.

In the presence of tooth skewing phase vector forces will change linearly
from one stator end to the other. If v, is the central angle of tooth skewing
along the stator length, then the opposing forces at the stator end are shifted
in phase by puy;s vhile the phase forces on whichever arbitrary plate situated
at a distance z from the nmuddle of the stator equal py; z/1,.

Figures 3, b-d, show space distribution of forces at tooth skewing of 0.25,
0.5 and 1 length of the rotor wave of the order . The ends of the force
vectors describe a cylindrical spiral which rotates by 900, 1809 and 3600
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Fig. 3 Space distribation of forces along a stator with and without
skewed slots.

along the stator length. The resultant force due to all elementary force

vectors confined within one plane equals to the geometrical sum of the
forces.

As seen from Fig. 3, as one increases the skewing value the resultant
vector drops and remains equal to zero at py; =2 . On increasing further
the value of tooth skewing what happens is a repetitive cycle of increment
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and decrement of radial forces which stands at zero when py, =4 and so
on and so forth. Stator vibrations, Fig. 1, occur relative to line x - x
perpendicular to the machine axis. Taking into account the non-uniform
distribution of radial forces along the length of the machine, when
calculating deformation of the elbows of the plates of the active steel of
the stator the average value of specific force along the length is used, i.e.

¢ 4 sin HZY"
P = = f P,dz:P, ———— LS (I’ﬁ"(&),t = (pr)
b 3p BY, D
2
where the expression
an 21
—2_ -k,
Y, "

represents the winding skewing factor for i-th harmonic in the rotor.

Under the circumstances, radial forces acting on the stator with skewed
teeth decrease in proportion to the skewing factor. For calculating torsional
moment 1t is necessary to integrate the torque due to elementary forces p,
dz along the whole length of the plates:

af2
m=[ pzdz (®)
- dp ‘
The result of the integral in equation (8) is as follows:
) sin. py,
P .
m_= /i cos HY _ 2 sin(r-w, t-¢ )
> _

The amplitude of the torsional moment :
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M =P 2 - p_t
T rg ny - r'n q.rp
2

The discussion above is also valid in relation to tooth skewing in the stator
with the only difference that in the the expressions coefficient Ky, and gsy
index 1t has to be substituted by index v.

REGULATION OF TOOTH WEIGHT

The effect of tooth skewing in the stator or rotor on the level of vibrations
may be calculated using torque equilibrium equations applicable to elements
in the yoke of the stator shown as figure 4 in the form of aring of rectangular
cross-sectional area with dimensions of stator at the base. The effect of
tooth weight and stator winding may be taken into account by increasing
slowly the mass of the base.

Di‘ferential equation describing movement of mass of the element is of
the following form:

El, G -
JR.@ + Rx ¢ - 3 " =M, (11)

[

Here the derivative @ is by time; ¢" is by space coordinates;

2
m(l° + h? _ |
J P 12 polar moment of inertia of the element mass of the
stator (where m = Q/(2 R q); Q - mass of the stator J, = h };3/12 moment
of inertia of the cross section of the stator relative x - x axis; J; =nl h3 -
moment of inertia of the cross section of the stator at torsion where 1 is

chosen from the following values [5]:

Ik/h 1 15 2 8 4 6 8 10
n  0.14 0.196 0.229 0.263 0.281 0.299 0.307 0.313 0.333

The shear modules G = 0.8.106 kgf/em? (for steel)
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Fig.4 The forces acting on a piece of stator core with skewed slots

In equation 11 torsional moment M. caused by radial forces balances the
torques due to forces of inertial J, Rc ¢ and torques necessitated by forces
of elasticity at torsion

GJ ' EJ
—*¢” and bend —= ¢.
g Rc (p a Rc tP

From solutions of homogeneous differential equations it is possible to obtain
the frequency of natural torsional oscillations of the stator ( forr =0, 2, 3,
4...)

' 1 1
et lets
2w N JA, (12)

where compliance of the stator at torsion

s _ 1 1
f. 2 JP).,

The case when r = 1 is not of interest and hence is not considered.

From the solution of the diffciential equation 11 for the amplitude of the
angular speed of the oscillations the following is obtained:
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T,

T

¢ = I
o - — (13)
P wi,

Taking into account that the acoustics power 1s proportional to the square
of the velocity of the oscillations, the effective radial amplitude of the
velocity of the oscillations become:

1 , l,
Pp= | = ze)dz = ¢

T},
Zﬁ(wfp~ 1) S (15)

WA,

or. Yy, =

where z; - mechanical impedance of the stator during torsion.

The resultant amplitude of the vibrations due to bending and twisting
2 2
Y =\Ye s (16)
where the vibrations of the bend considering tooth skewing
Pk
1

65 - | | (17)
Wl |

Vb =

The physical picture discussed above for the cause of vibrations at skewed
teeth and the expressions for computations are also applicable in
computations of magnetic noise in synchronous and d.c. machines.

RESULTS

An asynchronous motor (6kW) was used for-experimentation. First
computations were done on the level of magnetic vibrations caused by
harmonics (v =+ 39, u=- 41, @= 3740 l/sec, r = 2) with skewed teeth in
the rotor at one tooth division. The computations revealed that the use of
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skewed teeth reduced the noise level by 14dB to 75dB while the regulation
of tooth mass at same angle skewed teeth the magnetic vibrations could
{urther be reduced by 3 dB to 72 dB. The computations were then used for
comparison with results obtained experimentally under the same conditions.
The results obtained experimentally were similar to those obtained by
computation.

CONCLUSION

The paper has proposed a technique by which noise can be reduced by
regulating the tooth mass. The technique was tested using a 6 kKW
asynchronous machine and the results obtained clearly support the use of
the technique for noise reduction.
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