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Abstract  Several methods are available for performance prediction of single phase shaded pole
induction motors. A simple model, in conjunction with a more complicated and accurate model, which
considers the asymmetrical windings and core loss, is used to compare the prediction methods against
experimental results. Saturation is incorporated in the model. Fundamental and harmonic flux density
wave distributions under the pole are determined by employing the accurate mathematical model of the
motor and the influence of the shading angle upon this distribution is shown. The effect of airgap length
upon the torque speed characteristic of the motor is also investigated.

Induction Motor, Shaded Pole, Single Phase Motor, Saturation Effect, Asymmetrical
Windings
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INTRODUCTION

Shaded pole induction motors are widely used for
fractional horsepower applications. The simple con-
struction, high reliability and low cost are the major
reasons for their wide applicability. The windings of
the motor are asymmetrical resulting in a non-
sinusoidal airgap field distribution and, therefore,
space harmonics. Trickey [1,2] has presented one of
the earliest analyses of the motor. Chang [3] and
Ooka [4] have derived equivalent circuits. The ef-
fects of various parameters, such as shading-coil
resistance on the steady state peformance have been
investigated [5, 6]. A method for torque prediction
[7], as well as a method for calculating the effects
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caused by space harmonic MMFs on the torque-
speed characteristics has been published.

In the present work, the early theoretical analysis
by Trickey [1,2] and arecent analysis by Singh [8] are
employed for performance prediction of the motor.
The theoretical results are then compared with ex-
perimental results. To perform this, two computer
programs have been developed and experimental
data have been obtained by testing a typical shaded
pole induction motor. A mathematical model has
been used to predict the magnetic flux density distri-
butions under the salient pole of the motor for differ-
ent conditions. The influence of the shading angle
upon the field distribution is shown. The effects of
saturation upon the motor performance have been
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studied. Comparison between the predicted and mea-
sured performance leads to a realistic value of satu-
ration factor. Performance variations with airgap
Iength is studied and discussed.

EQUIVALENT CIRCUITS OF
THE MOTOR

Two equivalent circuit models, one based on the
Trickey method [1, 2] (the "first method"
henceforth) and the other based on the Singh method
[8], (the "second method" henceforth) are used. In
the first method, an equivalent circuit for the
fundamental sinusoidal flux is employed and core
loss isignored. In the second model, backward and
forward

components of the pole flux are

considered in the equivalent circuit (odd
components)

The fields of auxiliary and main windings are
decomposed into forward and backward fields result-
ing in four rotating fields in the airgap. An improved
equivalent circuit, taking into account the space har-
monic flux density, has been shown in Figure 1 [8].
Forward (x = f) and backward (x = b) torques are
calculated as follows:

Ty= 3 Reln | nl’Za] (1

n=1

EXPERIMENTAL TEST SETUP

The experimental arrangement for the proposed
shaded pole induction motor is depicted in
Figure 2. The torque of motor is converted into
voltage by a strain gauge. The converted torque
and speed into frequencies are fed to the
amplifier. The outputs of the amplifier are the
inputs of the PC through an hardware (interface).
The torque slip characteristic can be plotted using a
plotter.
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Figure 1. An accurateequivalentcircuit of ashaded poleinduction
motor.

COMPARISON OF PERFORMANCE
PREDICTION METHODS

The predicted torque using the two methods over the
whole range of slip is compared with the experimen-
tally obtained torque. The predicted results, in the
range of T, to Tpo, are in good agreement with the
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Figure 2. Block diagram of experimental arrangement.

experimental results, when the second method is
used. In this range of torque, the motor saturates and
thus, the use of the saturated model is preferred. This
is the reason for a very large discrepancy between the
predicted torque using the first method and the ex-
perimental results in the range of T, and T, Forthe
normal range of operation the first method gives a
larger torque compared to measurements. At a speed
400 rpm and the speed corresponding to Tpo, the first
method produces more accurate results than those of
the second. As Figure 3 indicates, the torque pre-
dicted by the second method, in the range of 100 rpm
t0400 rpm, islarger than that of the test values. Slight
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discrepancy between the actual airgap length and the
nominal airgap may cause this difference.

Comparison of the power factor versus speed
(Figure 4) indicates that except for the speed lower
than 200 rpm, in the other ranges, the predicted power
factor by the first method is larger than that of the
second method; the opposit is true for efficiency.
One drawback of the first method is its large
predicted power factor; it is not practical to have a
power factor as large as 0.78 in a shaded pole
induction motor.

Compared to the first method, modelling by the
use of the second method offers a more satisfactory
result in the whole range of the torque-speed and
power factor-speed characteristics.

FLUX DENSITY DISTRIBUTION OVER THE
POLE ARC

Flux density due to each harmonic of the main
magnetic field is sinusoidal and variation of B cross-
ing the winding will be proportional to the induced
emf. Suppose the equation of the forward rotating
field for harmonic number n is as follows:

B =B__ sin(nd - wt) @)

The flux crossing the winding is:
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0-5(n+8py)
¢=I Bune sin(m@-wt)lr2/P)do

0-5(n-8y)

¢=[(4Bmnt.1.7)/@P)] sin (n6n/2)sin (nm/2) coswi

3)
and induced emf in the main winding resulting from
field F is equal to:

N_P (d¢/dt)= [(8B_ N_.PLrmf)/(nP)] sin(nd,/2)
sin(nm/2)sin wt “4)

To obtain B, the calculated module for each
harmonic (I_Z, ) is taken equal to:

[(8B_ N_.l.rfx)/nlsin(nd_/2)sin(nm/2)]

Knowing the B_ due to each harmonic, the equation
of the rotating field Fcan be established. The backward
flux density is also as follows:

B_=B_ sin (n0+wt) &)

a similar calculation can be performed. Using the
same procedure, the induced emfinthe g-axis winding
canbe determined (exceptthatitlags 90 degrees with
respect to the reference of the main winding).

Shading angle of d and g shading windings is O,,
but their number of tums is proportional to sinO
and cosO. The induced emf of this winding duve to
field F, B =B __ sin(n@-wt-n/2), is now obtained as
follows:

n+0,56g
o= I Bt sin (n0-wt-nt/2) L.r 2/P) d 0

7-0.56,

= 41rB__ sin(n@ /2) cos wt/(np) (6)

sin(nB).P.N _(d¢/dt)= Q-axis induced emf
=8B__ .lr.f.N_sin(nO)sin(nO /2)]. (sin wt)/n
)
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Figure 5. Field distribution in the airgap of the shaded pole for
6= 0.497 rad and wt= 0, /6, 71/3, /2, 2n/3 and 57/6.

NowinordertoobtainB__, the calculated module for
each harmonic, Eﬁq, is:

Efsq= 8B_ .L.raf.N_ sin(n®) sin(nd /2)]/n ®

Having B___ for each harmonic, an equation can
be established for rotating F. A similar procedure
may be followed for the backward field. These
four fields are added up at the same wt and the
field waveform over 360 electrical degrees are
plotted. Figures 5-7 present the field distribution
over the pole for the following conditions: 8 =

1.0 g ,
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Figure 6. Field distribution in the airgap of the shaded pole for
6,= 0.597 rad and wt= 0, 7/6, 71/3, /2.
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Figure 7. Field distribution in the airgap of the shaded pole for
0s= 0.697 rad and wt= 0, ®/6, /3, 7/2.

0.497 rad, 6,=0.597 rad and 8,=0.697 rad, all
at wt =0, n/6, =/3, n/2. and 2n/3, respectively.

The obtained harmonic fluxes show that the fun-
damental flux does not rotate with a constant
speed. Norly its amplitude constant in every cycle
(see the curves at instants 1,2,3 and 4 on Figure 8).
For instance, between wi=0 and wt=30elec.
deg., the rotating magnetic field moves forward by
7 deg., betwéen wt =30 and wt= 60 deg., it moves
forward by 10 deg., and finally between wt= 60
and wt = 90, it moves forward by 72 deg. Such a
variation causes a pulsating torque characteristic
and generates noise.
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Figure 8. Fundamental flux density wave distribution
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Figure 9. The third harmonic flux density wave distribution.

The third harmonic (Figure 9) and the fifth har-
monic (Figure 10) move forward. For the third har-
monic the direction of movement is due to the shad-
ing angle and pole angle, since when the "pole arc/
pole pitch” is larger than 0.9 (which is the case in
the proposed motor) the developed torque by the
third harmonic has the fundamental waveform
direction. If this ratio is between 0.6 and 0.9, the
third and fundamental flux waveforms will be opposite
to each other [13]. The effect of the shading angle
upon the flux distribution at wt = 120 is shown in
Figure 11.

SATURATION EFFECTS

The effect of saturation upon the motor performance
has been ignored in many earlier works [9, 10]. Perret
and Pouloujadoff [11, 12] have adopted a step-by-
step mumerical method to obtain the steady-state
characteristics of a saturated shaded pole induction
motor. Although Singh [8] has taken into account the
saturation using a constant factor (S,,), which is
defined as the ratio of the total mmf per pole to the
mmf expended in the airgap alone, no justification
has been given for such a choice. This constant factor
is incoporated in the various reactances estimation.

The design details of the test motor having the
following rated values: V=220V, f=50Hz,P_=0.125
hp, Pf= 0.6 are given in Table 1.
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Etectrical Degrees

Figure 10. The fifth harmonic flux density wave distribution

Motormeasured parameters at the rated frequency
(referred to the stator) are: R _= 12.3192 Q, R=
0.00117 Q and 8 =0.597 Elec. rad. The torque-speed
characteristic of the test motor is predicted by
neglecting saturation, i.e. S_= 1 (Figure 12). In the
linear region of the characteristic, for a fixed torque,
the predicted speed is higher than that of the test
value. In the remaining part of the torque-speed
characteristic, the variation of the predicted torque
amplitude is high compared to that of the test torque.

The value of S_ is varied between 1.1 and 1.6 in
0.1 step increments and the performance is predicted
for each S, . The result shows that by increasing the
value of S_, the predicted performance approaches

TABLE 1. Design Details of the Test Motor.

| Pobi: number = 6, total arc = 56.5 deg., pitch = 34.5 mm

Rutir: diameter = 70.3 mm, bar cross section = 21.204 mm?, ma
of slots =33, skewing angle = 16.3 deg.

Slladsr: bore diameter = 71.1 mm, outer diameter = 124 mm,
length = 44.45 mm, slot width = 2.7 mm, conductor crss
section = 0.195 mm?

Alirgap: length = 0.356 mm

Shadimg: coil span = 5 mm, winding cross section = 1.484 mm?,
turns/pole = 1, angle = 11 deg.

End ring cross section = 16.129 mm?,

Angle of unshaded part = 45.5 deg.
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Figure 11. Flux density wave distribution for different shading
angle at wt = 120°,

the measured performance. By increasing S,_ from 1,
the torque-speed variations in the starting region
gradually reduces and approaches the measured value.
On the; other hand, pull-out torque of this type of
motor increases slightly by increasing S_.

An increase of S_ from 1.1 to 1.3 gradually
improves the predicted values. Increasing S,_ to over
1.3, there is less agreement between the predicted and
the measured characteristics in the linear region; at
this point, the pull-out torque shifts to the lower speed. In
contrastwith S, =1,forS_=1.6 and at a fixed speed, torque
in the linear region (the normal operation region) becomes
less than that of the measured value.

The Effect of S, on Starting Torque

Figure 13 indicates that for low and high saturation,
the starting toruge is low with the maximum starting
torque occuring for S, between 1.3 to 1.5. So S,
between 1.3 and 1.5 is taken as convenient values for
the saturation factor.

The Effect of S, on Pull-out Torque
It is deduced from Figure 13 that the rise of the
saturation factor from 1 to 1.3 causes an increase of

T,,. But any increase of S_ over 1.3 does not change
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Figure 12. Torque-speed characteristic of the shaded pole
induction Motor a: predicted by neglecting saturation b: measured.

T, at all. This reveals that a convenient value of S
is about 1.3.

The Effect of S,  on Torque at Rated Speed
Figure 13 contains the variation of the torque of the
motor at 850 rpm. Considering the torque of 1.02 Nm
at the rated speed, there is an agreement between the
calculated and test results at S_= 1.3 for the rated
speed.

The Effect of S, on Rotor Skewing Leakage
Reactance

The obtained torque-speed characteristic for rotor
skewing leakage reactance which is shown in Figure
14 has a lower starting toque. There is no significant
difference between the measured and the prediéted
values inthe linear part of the speed-torque character-
istic.

The Effect of S, on Mutual and Leakage
Reactance of the Main Winding

By assuming S, =1 in the mutual reactance
and the main winding leakage reactance
formulea (see Appendix), the torque-speed

characteristic has been determined as shown in
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Figure 15. A comparison with the measured values
indicates that there is a rather large difference, par-
ticularly between T and T, At a fixed torque, the
calculated speed is higher than that of the measured
speed. In contrast with the previous case (unsaturated
rotor skewing leakage reactance), the torque-speed
characteristic has changed in the linear portion com-
pared with the experimental characteristic.

These curves prove that the effect of saturation
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Figure 14. Theeffectof S, uponrotor skewing leakagereactance.
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upon the mutual and leakage reactances of the main
winding is more significant than on the skewing
leakage reactance.

THE EFFECT OF AIRGAP LENGTH

For different values of the airgap length, various
characteristics are obtained and presented in

w
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Figure 15. The effect of S, on mutual and leakage reactance of
main winding,
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Figure 16. The effect of the airgap length upon torque-speed
characteristic

Figure 16. Table 2 shows the variations of the pull-
out torque, speed, slip and the hamonic amplitude at
wt= 0° for different airgap lengths.

With a decrease of the airgap length, the third
harmonic of the flux plays a more significant role in
the shaping of the torque-speed characteristic. The
iron part of the magnetic circuit of the motorbecomes
more important when a smaller airgap is proposed.
With an increase of the airgap length, the maximum
torque occurs at a smaller speed or larger slip. The
maximum torque rises up to a particular value of the

airgap (0.305 mm) and then drops for any further

TABLE 2. Airgap Effect.

increase in the airgap.

CONCLUSIONS

Two methods of analysis of shaded-pole induction
motors have been used to develop two computer
programs for motor performance prediction. Overall,
agood agreement was observed between the theoreti-
cal results and measurements obtained by using the
second method. in which the space harmonics of the
airgap flux has been incroporated in the equivalent
circuit model of the motor.

For the first time, the equivalent circuits contain-
ing harmonic components have been employed in
order to predict the flux density distribution over the
pole arc of a single phase shaded pole induction
motor at different shading angles. The effect of the
flux harmonics upon the shape of the torque-speed
characteristics was discussed. Saturation was taken
into account by incoporating a saturation factorin the
various inductance formulea. By comparing the pre-
dicted and measured performances, a reasonable

range of the saturation factor was suggested.

Airgap length g, g,
(mm) 0.508 0457
T.. Nm) | 1.254 1.277
Speed (xpm) | 660 680
s 0.340 0.320
Amp. of Ist har. 0.259 0.250
Amp. of 3rd har. 0.125 0.133
Amp. of 5th har. 0.0412 0.0484
Amp. of 7th har. 0.0250 0.0251
: Amp. of 9th har. 0.0120 0.0132

NOMENCLATURE

f Frequency Hz

g, g, g; g
0.406 0.305 0.254 | 0.203
1.292 1.293 1.265 | 1.205
710 730 750 760
0.290 0.270 0.250 | 0.240
0.240 0221 0.219 | 0.228
0.142 0.164 0.176 | 0.184
0.0516 0.0623 0.0714| 0.085
0.0218 0.0310 | 0.0325| 0.032
0.0155 I 0.0228 0.0268 | 0.032

Note: Amp. = Amplitude, har. = harmonic
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1 Stator stack length m
r Mean radius of rotor m
T, Starting torque Nm
TPo Pull out torque Nm
i Main winding current A
Z, Forward impedance for harmonic numbern  Q
Z, . Backward impedance for harmonic numbern Q
X, Leakage reactance of stator main winding Q
X Mutual reactance Q
B,  Forward flux density for harmonic numbern T
B_, Max. forward flux density for harmonic numbernT
B,  Backward flux density for harmonic numbern T
B_, Max. backwardflux density for harmonic numbern
T
w Angular velocity rad/sec
0, Shading angle (Electrical) rad
0, Main pole angle (Electrical) rad
] (em-es)/z rad
E Emf \%
P Number of pole
n Harmonic number index
m Index for main winding
s Index for shading coils
f Index for forward wave
b Index for backward wave
S, Saturation factor
N Number of turns
r., r,  Core loss equivalent resistances Q
K. Winding factor of shading coils for harmonic no. n
K. Windg factor of main winding for harmonic no. n
E, Induced speed emf resulting from rotating fields V
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APPENDIX A

Main Winding Mutual Reactance
20,2
X =2 fNKom. C . 10° (0.647L2.7\.2,qm)/ge .n.P.Sfm)»Pn
(A.1)
where lpn= pole pitch for harmonic number n (in)

=1 (Dy+g)/ (0P)

International Journal of Engineering



D,= rotor outer diameter (in.), g = airgap effective length + (3.19L27.pl. 0.)/@g PxrS )]- ; Xon (A2)
C .= sin(n0_/2) / (0.5n6 )

where L = stator axial length, K = slot constant of winding
Main Winding Leakage Reactance L = main winding cover (in.), LP1= pole pitch for funda-
X=2rfN*K_ 2 10°[(3.19L.K +L /2P mental field (in.).
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