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Abstract.- This work presents a method of speed
estimation for induction motors, based on the
introduction of dynamic irregularities in the rotor.
The method allows to increase the amplitude of
the speed signals more than ten times with respect
to normal eccentricities, without affecting the
normal operation of the machine. With this
method, and using only one eccentricity per pole, it
has been shown that it is possible to measure
sppeds as low as 11 rpm. Adding more than one
eccentricity per pole, it is possible to measure
even lower speeds. Simulations and experimental
results permit to compare this new method, with
methods which use only normal eccentricities.

I. INTRODUCTION

Power clectronics has permittcd  the
implementation of sophisticated mcthods of control
for induction machines. Most of them nced a precise
spccd - information.  Traditionaly, mcchanical
tachometers have been used but, due to reliability
problems, the rescarch has been focused in methods
of spced estimation based on machine parameters or
bascd on rotor irrcgularitics. These methods allow
to cstimatc the spced through clectrical variables,
such us thc machinc current. The first mcthod,
based on machinc paramcters |1-3] (cquivalent
circuit), has the drawback of parametcrs variations
with tcmperature and saturation. This drawback
makcs the mcthod unnacuratc, and thcn, somc
corrcction methods have to be impleneted to have an
accepteble degree of speed accuracy. Then, the
method based on parameters machine becomes
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complex, sophisticated, and unreliable. Recently,
mcthods bascd on rotor irrcgularitics, such as
cccentricitics, bars or slots, have been investigated
[4,5]. These methods cstimate speed through airgap
variations and arc independent of machine
parameters. However, in the casc of slots and bars,
thc mcthod is not always practical because many
machincs arc fabricated with hclicoidal position of
slots and bars. The second possibility, bascd on
rotor cccentricitics gives speed signals extremely
low and noisy, limiting the rangc of speed
cstimation in 20 rpm as a minimum |6}. Evcen worst,
some machincs have very small cceentricitics, and
then the spced cstimation bccomes almost
impossible.

The mcthod proposed in this paper is bascd
on the the addition of specific irrcgularitics in the
rotor, which will producc small airgap variations in

‘the machinc. These kind of irregularitics will be

called induced irregularities. Thcsc induced
irregularities must bc implemented taking in
account three important requirements: 1) to avoid
parasitic torque generation, and additional losscs,
they have to be made as small as possible (only a
fraction of a milimeter); 2) to keep the rotor
balanced, they have to be symctrical with respect to
shaft; and 3) they have to produce synchronized
airgap variations on cach polc of thc machine, that
means minimum (or maximum) airgap on each pole
simultaneously. The last requirement is very
important, because it keeps the rotor balanced and
permits to obtain an exccllent signal variation to
measure speed. This also means that the number of
induced irregularities is proportional to the number
of poles of the machine.
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Fig. 1 Block diagram of the speed estimator circuit

The detection of irrcgularitics (normal or induccd)
is based on the introduction of a fixed, high
frequency carrier, superimposed on the normal
inverter frecuency which feeds the machine. The
high frcquency carrier (400 Hz), is scnsed and
isolated from the normal inverter frequency, and
then multiplicd by itsclf. Then an amplitude
modulated signal, produced by rotor irregularities is
obtaincd. This amplitudc modulated signal contains
side-band frequencies which are proportional to the
speed of the machine. The block diagram of figure
1, shows the circuit implemented in laboratory for
speed estimation {7].

The method based on induced irrcgularitics
generates signals which are a lot bigger than the
signals gencratcd with normal rotor cccentricitics.
To demonstrate that, an analytical study, to
compare the methods, will be developed. The
methods will also be compared experimentally.

H. NORMAL ECCENTRICITIES

The figure 2 shows a schematic of normal
eccentricities in an induction machine. When only
cxists cceentricity of the shaft with respect to stator,
no side-band frequencies are gencrated. When the
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cccentricity is only with respect to rotor, the
rotation of the shaft will produce a reactance
variation each time the rotor passes through a pole.
For example, in a four-pole machine, one complete
rotation will produce four amplitudc pulsations in
the machine current, which represents a particular
side-band.

Fig. 2 Normal eccentricities in an induction machine




Now, when both, rotor and stator have cccentricitics,
which is the normal case cncountered in experiments, a
sccond couplc of side-band frequencics, which
produccs one pulsation per rotor turn (independent of
the number of poles), supcrimposcd to the first onc, is
generated. Then, in a four-polc machine, cccentricitics
of order 4 and 1 will be present (n,=4 and n,=I). In
figure 2, the eccentricities e, and eg have been defined,
and R, y Rg arc the cxternal rotor radius and the
internal stator radius respectively. From this figure, the
distance x can be defined as:

x =R, -cosff+e, cosb, +e cosa (1)
Where a and 8 are defined in fig. 2. Also:
R, -cosf= Jer ~(e,senb, +egsena)’ ()
from (1) and (2):
X = e, cosf, +e; cosa+
(3)

+\/R,2 —(e,senb, +egsena)*
In a similar form, expressions for the distances y, # and
v from fig. 2 can bc obtaincd. Then, the next step

should be to get the total airgap of the machine. For the
particular case of a four pole machine:

e, -e .

X €, e

eh, = SR AAd @)
ex+e, e, +e,

where ey, ey, ey and e, arc thc airgaps which
correspond to x, y, # and v respectively.

ex vy = Ry —x,y,u,v

)

The equation (4) represents the airgap
variations as a function of cccentricitics e, e, @
(constant numbcrs for a particular machine), and also
as a function of rotor position &, This airgap variation

with rotor position can be detected through stator
currcnt variations to get the speed information.
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However, duc to the cffcct of compensation in ey, ey,
e, and ey, in ¢q.(4), the airgap variation becomes very
small, and hence difficult to mcasurc. Besides, the
eccentricities e, and eg of the machine become more
and morc ncgligible with thc advances in factory
machinc asscmbly, and hence the estimation of speed
could rcsult almost impossiblc. To ilustratc this
situation, the figure 3 shows graphically the airgap
variation ehyp vs 0y, for three different situations: a)
eccentricities eg=0.5 [mm/ (large), and e,=1I lad [mm/
(negligible); b) es—10'4 [mm] (neghglble) and ¢,=0.5
[mm] (large); and c) eg=0.1 [mm] and e,=0.1 [mm]
(thc both normal valucs). In the threc cases Rg=251
[mm], R.=250 [mm] and a=45°. It can be noticed
that in the two first cascs the magnitudc of airgap
variation is cxtremely low (in the order of 10-3 mm).
Besidcs, in the casc ) the cccentricitics n=1 and n,~4
are clearly present. By contrast, the case ¢) shows a
magnitude variation of ek 7 100 times bigger than in a)
and b), cven considering that in this case the two
ccccntricitics are relatively small.
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Fig. 3.- Airgap variation ehy vs 0 /4
a) eccentricities es 0.5 [mm] and e, =107 [mm]
b) eg -104 [fmm] and e~ 05/mm]
¢) eg=0.1 [mm] and e, =0.1 [mm]



Then, it becomes very clear that the airgap
variation ehp, is strongly dependent on the
cceentricitics e, and eg, and it can become negligible
with factory assembly improvements. To avoid that, a
ncw mcthod, bascd on induced irrcgularitics is
proposed.

11L. INDUCED IRREGULARITIES.

As it was already mentioned, the airgaps
ey €p ey and ey, in ¢q.(4) tend to cancel, and then
the airgap variation can become very small. The
reason of that is because when ey is incresing, ey, is
decreasing and viceversa. The same happens with
the couple e,, e, By contrast, the induced
irregularities arc implemented in such a way that
allow a simultaneous and sinchronized airgap
variation. That means, the four airgaps increase
and/or decrcase simultancously, reaching maximum
and/or minimum values at the same time. In this
form, the airgaps will reinforce instead of try to
cancel. To reach that, thc number of induced
irrcgularitics has to be proportional to the number
of poles of the machine. The figure 4 shows a four-
polc machine, in wich four induced irrcgularitics
have been introduced in the rotor.

X
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Iiig. 4. Induced irregularities in the rotor

To simplify the mathcmatical analysis, let
assume that the induced irregularities produce a
variation in the rotor radius R(6,), given by the
following expression:
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R.(6,)=R,+e, sen(n-p-6.) (6)

where e, is the amplitude variation of rotor radius, 7 an
intcger (1,2,...n), p the number of poles of the machine
and 0, the angular position of the rotor. Then, for a
four polc machine, assuming e7=e3=0 (rotor perfectly
centered), and taking n=I, the following valucs for e,
ey, e, and ey, can be expressed:

e, =Ry —R.(6,)=Rs— Ry —e, - sen(46,) (M

e, =R, —R.(0, + 7m) = R~ Ry ~e, ‘sen(40, +4rm)

®)
e, =R~ R.(0, +§) =R, ~ R, —e,-sen(40, + 2.
)

e,=R,~R.(6, +§—2”) = R, — R, —e,sen(40, +67)

(10)
From (7), (8), (9) and (10):
ex=e,=¢,=¢,=e(6) (11)
and from cq.(4), ek becomes:
€, € e
ehy =2 g S = g(g,) (12)

exte, e, te,

Ploting e from cc.(12), for Rg=251 [mm/[, R;=250
[mm], eccentricities ey and e) iqual to 0 and e,=0,1
[mm], the following oscillogram, shown in figurc 5, is
obtained:
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Fig.5. Airgap variations for induced eccentricities.




It can be noticed that the amplitude variation of e is
ten times bigger than thc best previous casc, in wich
we uscd e,=eg=0.1 [mm]. Thc comparison is valid
considering that thc amplitude variation of the airgap in
the casc or induced irregularities has also been set to
e=0.1 [mm], with e,=eg=0. Thc spccd cstimation
beccomes Iess difficult with the ncw method. The
induccd irrcgularitics arc so small that their cffcct in
parasitic torquc or additional losscs arc negligible.

IV. EXPERIMENTAL RESULTS.

The rotor of a four-pole, induction machine,
was modificd in laboratory, resulting a machine similar
to the drawing shown in figurc 4. The speced signals
werc isolated with the circuit of figure 1, and comparcd
with cstimations obtaincd with thc same machine,
before the induced irregularitics were introduced.

The figurc 6 shows the signals obtained for a
speed of 98 [rpm/, before and after the introduction of
induced irregularities. It can be obscrved that the
signals havc incrcasc morc than ten times with the new
method. The frequency spectrum for cach case is also
displaycd. The signals arc clcancr with the new method.

Going to lowcr speeds, the figure 7 shows the
results obtained with a speed of 11 [rpm], which is
comparcd with a spced of 14 [rpm] obtained with the
conventional method. Again, the signals become larger
and clcancr with the proposed mcthod.

V. CONCLUSIONS

A diffcrent method to cstimate speed  without
mcchanical scnsors, and independent of machine
paramcters, has been proposcd. The method is bascd
on the introduction of small irrcgularities in the rotor
surfacc. The method allows to get speed signals at list
ten times larger than with normal rotor cccentricitics,
keeping the rotor balanced, and allowing to mcasurc
lower speeds. This idca can be applicd during factory
asscmbly of machine rotors, crcating an oval matrix to
make the rotors. This solution will allow the speed
cvaluation directly from stator current information,
without thc knowledge of machine parameters. The
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induced irrcgularitics arc so small that their cffect in
parasitic torquc or additional losscs remain negligible.
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lig.6. Speed signals for a speed of 98 [rpm]
a) natural irregularities
b) induced irregularities
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Iig.7. Speed signals for 11 [rpm]
a) natural irregularities (14 rpm)
b) induced irregularities (11 rpm)
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