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Abstract- In the paper a novel approach to the modeling and simulation of shaded-pole induc-
tion motor, aiming towards the evaluation of its performance characteristics at different load
conditions is presented. For this purpose, different methods for analysis, as analytic Circuit
Theory Method (CTM), numerical Finite Element Method (FEM) and _simulation Mat-
lab/Simulink Method (MSM) are applied. The prp;pk)sed approach is valid both for steady state
and transient regimes. A complex modeling of the shaded-pole induction motér, in order to de-
rive the most suitable models for application of the'propesed methods, is carried out. On the ba-
sis of the analysis of thie performance characteristics, each of the methods is going to be evalu-
ated. The resulis of analytical and numerical calculations, as well as simulations, are compared
with experimentaly obtained ones, and/or with the known values given by the producer; they

show & reasonable agreement, proving the proposed approach as accurate, .

L INTRODUCTION

Single-phase shaded-pole motors have found wide frac-
tional horsepower applications in many household de-
vices due to their simple construction, low costs, as well
as their capability for sustaining overloading in locked
rotor position since the value of short circuit current is
very close to the value of rated current. In spite of that,
their analysis is always complicated due to their particular
arrangements of windings, elliptically rotating air gap
magnetic field, and a sigrificant level of the space har-
monics. Over the past decades many researches [1-4]
have paid a considerable attention to the solution of the
problems related to the mast exact prediction of perform-
ance characteristics of shaded-pole induction motors.
Some authors use the simulation techniques and the ana-
Iytical method based on the revolving field theory and the
decomposition of the air-gap field in two components,
forward and backward. The others prefer to use numerical
methods, based on the application of Finite Element tech-
niques. Simulation of transient performance and dynamic
characteristics by using, tie Simulation methodology is
widely used in recent years. However, it can be easily
concluded, that a commonly accepted approach does not
exist so far.

I. SHADED-POLE INDUCTION MOTOR

In this paper, the authors present a novel approach to the
evaluation of performance characteristics of a shaded-pole
motor, by using analytical, numerical and simulation
methods. The test results, as well as some of the known
data from the producer, are used for evaluation of each of

the proposed methods. After a detailed analysis of the
computed characteristics is carried out, the comparison of
the methods will be done.

As an object of investigation in the paper is considered a
single-phase shaded-pole induction motor, type AKO-16,
produced by “Mikron” with rated data: U,=220 V; £,=50
Hz, 1,,=0.125 A; P),=18 W; n,=2520 rpm; 2p=2. The
number of turns of main stator winding is 1744 per pole.
The shading coil has one winding per pole, while the
shading portion of the stator pole cross section is 25 %,
i.e. y=0.238 rad. A view of the geometrical cross section
of the motor is presented in Fig. 1.

1. METHODOLOGY

The proposed approach for complex analysis of the
shaded-pole induction motor comprehends the application
of different methods as: Circuit Theory Method (CTH),
Finite Element Method (FEM) and Matlab/Simukink
(MSM). By the means of each method, the steady state
and transient performance characteristics of the :20tor are

determined.

1 - main stator winding
2 —rotor cage winding
3 — short-circuit coil

Fig. 1. Geometrical cross-section of the motor
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‘A development of different mathematical models, suitable
for application of different methods, is carried out. The
shaded-pole induction motor is analysed at no-load,
locked-rotor and different running and loading conditions.

4. Circuit Theory Method -CTM

“The Circuit Theory Method, as an analytical method, is
especially convenient for the steady state performance
analysis of shaded-pole motor [1]. Instead of the real mo-
tor consisted of electromagnetic -linked circuits, equiva-

lent electrical circuits, developed on the basis of revolving .
field theory decomposition are considered. In the single- . <

phase shaded-pole motor exist two separate windings

- quently currents which flows through both stator wind-
ings (main 1 and short circuit coil 3) are time shifted by
an angle §#0°. On that way, the vector of magnetic flux
describes an ellipse. The electromagnetic field inside the
motor, is analyzed by the method of symmetrical compo-
nents. Hence, the stator currents are calculated from:

[I7el®  [tei=
5 =—J(‘—.—-—‘—.—] M
sma s
) ul ‘ :
I3=J(‘—".1 - ] )
sma smo

Symmetrical components of stator currents can be found
from following equations:

Im= If(qu, —e'j”Z+ sma~je_1.aZab +JZab) :
1=

JZy +el®Z sin@~ je’%Z , + jZ ., @

e b sinal/Zy, +e%2 " sina— jei®Z , + j2,,) @
(4-8)+(c D)

where:
A=jZy ~e7*Z  sina- je 7, + 72 ®)
B=je’®Z,,~Z" sina+ jel*z , — JZ 4 (6)
C=jZp~2Z* sing— je /%7, - je %z, ¢)
D= jZyy +e™*Z" sina je®Z,, + j7., ®)

For impedances  the following expressions are valid:

" - ,
zt = 'Z-‘-OZZ 7" = 'ZOZZ Z'2+=_lz_2+jX'2
Zy +2Z, Zy, +Z, s

©
Zy =224 jX)  Zy=Ry+ X, (10)

Zy, and Z, are consequently impedances of main stator
winding and short circuit €o; Z, is mutual impedance
between main stator winding and short circuit coll; Z, is
the magnetizing impedance; while, R,’ and X’ are the

Myt = —

which are space shifted by an angle 0#0° and conse-

rotor parameters. The angle o.is a space angle between
axes of symmetry of main stator winding and short circuit
coil, and for the. analyzed motor its value is 43.4°.

Symmetrical companents of rotor currents can be found

. from the expréssions:. =+

. : . . Z
T e

— (1)
Zo¥Z3

Electromagnetic torque can be calculated from symmetri-
cal components of rotor currents, as: '

955 2]1;]212; 955 2[1;]212;

ng 8 ng 2-s

12)

In Table 1, the results from CTM calculations at rated

load condition, are compared with experimental data; they
show very good agreement. Performance characteristios
obtained from CTM are presented in Fig. 2 and Fig. 3.

Table 1
Comparison of results from CTM and experiment
CTM Experiment
I;=0.125 A I,=0.1259 A
P=18.114 W P=18W
cos =0.65389 cos( =0.654
n=2520 rpm n=2120 rpm
HIA] 0.8 - cosfi T 0.025 1314
21a1 Merr{Nn{
coshiff] 1
eafr 0.6
+ 0.015
0.4 -
+ 0.01
021 L 0.005
0 : : : . 10
3] 02 04 06 08 1
-02 1 -0.005

siip {13

Fig. 2. Performance charscteristics from CTM
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Fig. 3. Electric power characteristics from CTM




B. Finite Element— Method -

The Finite Element Method is widely used in the numeri-
cal analysis of electrical machines. In the FEM analysis of
the shaded-pole motor, the most interesting are time do-
main harmonic solutions, under different operating condi-
tions. Taking into consideration the compound configura-
tion of the shaded-pole induction motor, both in electrical
and magnetic sense, a mode] suitable for implementation
of FEM is derived {3]. For the purpose of this analysis,
the mesh is spread over:the whole cross-section of the
motor, and is consisted of 10,250 nodes and 20,063 ele-
ments. . '

The main stator winding is energized with currents corre-
sponding to different load conditions i.e. slips, while cur-
rents both in stator shading coil and rotor bars are in-
duced. Since the non-linear time harmonic -analysis is
performed, stator quantities are oscillating with one fix
frequency i.e. =50 Hz, while the rotor quantities oscillate
at slip frequency, quite . different from the stator fre-
quency. The problem is solved by adjusting the rotor bars
conductivity ¢ corresponding to. the slip. Hence the non-
linear time harmonic analysis by using FEM, is performed
at fixed stator winding supply frequency =50 Hz, while
the rotor ship 1s changing with the load.

In Figures 4, 5 and 6 are presented flux distribuiions in
the middle of the cross-section of shaded-pole motor at
following operating modes: no load at current /;=0.111A
and slip 5=0; locked rotor (start-up) at current ;=0.135A
and slip 5=1.0; rated load at current ,=0.125A and slip
5=0.16 . The number of flux lines in the previously men-
tioned figures is selected to be proportional to the field
strength, and the difference of the field intensity is seen.
The non-linear FEM harmonic analysis offers possibility
to get “inside” the motor and to find its “week” parts ie.
areas with high saturationiand, if requested, to improve its
design features.

Ore of the most interesting parameters of the motors is
always electromagnetic tarque. Hence, the authors paid a
special attention to its computation and verification of
obtained results. Electromagnetic torque -is calculated
pumerically by the electromagnetic force, via Maxwell’s
Stress Tenser. The stress tensor can be evafuated over a
contour away from the surface of the object, where the
field solution is much more accurate. The best results are
obtained by integrating along the contour a few elements
away from any boundary or interface.

The torque is easily derived from the tangential compo-
nents of the force, by using the following expression:

Mem = {i_ i(El‘n ’ Bl )dc]lé' (13)

0

where: B, and B, are normal and tangential components of
the magnetic flux density; ¢ is integration epntour; r is a
distance of the integrating path from the center of rota-
tion; /5 1s axial rotor length.

207

Fig. 6. Magnetic flux distribution at rated load

C. Matlob/Simulink Method -MSM

Matlab/Simulink i1s widely known powerful simulation
tool which enables to view and analyze motor ransient
performance characteristics [4]. When simulation meth-
ods are used, main emphasis has to be put on develop-
ment of proper mathematical method, which will repre-
sent the physical phenomena as close as possible. The
derived model of shaded-pole motor, suitable for imple-
mentation in Matlab/Simulink bases on d,q transformation
known from: reference frame theory of single-phase in-
duction machines [5-6]. : R

Two phase power supply is modelled using following
equations: :




o
"_'I
a
g
L |
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qu = KZsfabs (14)

(s [ =L ful : (15)

(fabs )T = [fas f;?s] ‘ v (16)
cos@ sing | ‘

Kos =[siné? —cose] ' an

where 6 = j.a)dt,

J represents stator and/or rotor variables.

For single-phase motor transformation of stator and rotor
varibales is made in d,q system which is stationary,
meaning @=0.

Using (14) for modeling of two phase power supply, the
following equations are valid: '

Up =Us 0030 +U, sin6 (18)
Ug =U,sin@-Uy, cos@ . 5 (19

Influence of the shading coil ring is taken into account by
introducing the phase shift between voltage sources U,
and Uj,, which for analysed motor is determined as 43.4°.
For simulation purposes voltage equation of stator and
rotor circuits are rearranged in the following form:

i = 1 j _ Tas ﬁ _ Lm i
& Ly+lp, 3 ® Ly +L,, 3% Ly+L,,

/= 1 IU. r‘;: II Ly, ;e
ds = 73 ds 7% ds T dr
Ly +Ly, L+, Lyt Ly (20)
, ) . ' . L
ip =, lig+ :er o= J”;r_ iy
Ly +L,, L, +L,, Ly+L,,

P @lL,, J.l . n J‘i" a Lmq )
dr r T g3 v dr Ty *ds
Ly+L,, Ly +L,, Ly +L,,

74 7'as and 1, are resistances of main winding, short cir-
cuit coil and rotor, winding respectively. Ly, L'y, L)
and L,, are inductances of main winding, short circuit
coll, rotor winding and mutual inductance between stator
and rotor circuits. In (20) parameters of short circuit coil
and rotor winding are referred to main stator winding,

In order simulation model to be complete it is necessary

to add the equation for electromagnetic torque:

:, 2\dw,

where: J is constant of inertia, My is load torque, P 1s
number of pair of poles.

On the other hand electromagnetic torque can be found
from :

P gs L g
Mem = '_Z—Lmq (’a?lqs _’qsrlds) 22)

‘From (21) and (22) can be derived:

1,,2&*)’—:1,2]%‘1 (,'

dt g larles ol ) ~oMs
23)

Equations (20) and (23) are used to simulate transient
performance characteristics of the shaded-pole motor.

In figures 7, 8, 9, 1) and 11 are presented transient per-
formance characteristics during free acceleration, as fol-

lows: 1, = f{t), Men = (), 1, = f(t), I5= f(¢) and
Iy =)

In order to carry out a deepened analysis of the shaded-

.pole :motor, the transient performance characteristics are

simulated at load torque, as well. As the motor is assigned
forfan: driving, having.the static torque characteristic

M, =k-n?, the stast-up-transient characteristics at rated
load are presented in figures 12, 13, 14, 15 and 16.

o, [rpm]
3500

3000 S N
2500 o .

" 2000

1500 /
1000 rd
500 v

24
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0.2 0.8 1

0.4 0.6
Time [second}

Fig. 7. Characteristic of speed at free acceleration

L [A]

Fig. 9. Characteristic of main-winding current at free acceleration




Fig. 10. Characteristic of short-circuit coil current at free acceleration
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Fig. 11. Characteristic of rotor current at free acccleration

After the transients are suppressed, the motor reaches to
the steady state regime. For the purposes of verification of
the sumulation model results for speed, electromagnetic
torque and currents in all windings, are compared with
results from CTM. The comparison, for free acceleration
as well as for rated load condition, ie. s=0.16, is pre-
sented in Tables II and I}, respectively.

“Table I
Comparative results MEM and CTM at free acceleration
MSM CIM
1 [rpm] 2892 2910
Mem [Nm] 4.00167 0.0017808
I [A] 0.12214 0.113365
I 1A] (.00635 0.007692
1, [A] 0.049 0.0538
Table I
Comparative resulis from CTM and MSM at rated load
MSM CTM .
n {rpm] 2250 2520
M [Nm] 0.00189 0.0018075
L [A] 0.142 0.126
I {A] 6.00338 0.0044
I, [A] 0.09638 0.087812

In addition, the motor medel will be used for an analysis
of the effect of parameters variation, on the starting char-
acteristics of the motor. As an example in Fig. 17 and 18,
the characteristic n=f(t), for different shading portions of
the stator poles, and for different rotor cage resistances
are presented, respectively.

025
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Fig. 12. Characteristic of speed at rated load
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Fig. 13. Characteristic of torque at rated load

Tig. 16. Characteristic of rotor current at rated load
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A y=0.4 [rad)
. b-y=0.3 [rad]
e- 703 [rad]

“a- R=300[Q]
b R=497[Q]
- R=700 [Q}]

0408 as
Tana Sy -

22 o2

Fig. 18. Speed response at different rotor resistances

IV COMPARATIVE ANALYSIS

The proposed methodology based on different methods
for calculation of characteristics under different operating
* conditions, enables the complex performance analysis of
shaded-pole induction motor to be carried out. The good
way for evaluation of characteristics, obtained from
steady state and transient analyses by using different
methods, is to present a comparison of the results. Com-
parative static characteristics from CTM, FEM and MSM
are presented in Fig. 19. Some of the most interesting
values are extracted and given in Table IV. Additionally
in Table V is presented comparison of motor characteris-
tics obtained from CTM, FEM, MSM and the testing data
at rated slip, s=0.16.
Table IV
Torque results by different methods

Electromagnetic torque M., [Nm]

s[1] CT™M FEM MSM
0.01 0.001625 0.0017808 0.00167
0.0156608 0.01141

0.30 .02023

0.50 0.0147680 0.01639

0.80 0.0088368 - 0.00800

0.99 0.0028912 . 0.00200

Table V
Results by different methods, at rated ship
CT™M FEM . MsM Experiment

M [Nm} 0.018075 0.01997 0.0189 0.021
n [rpm] 2520 / 2250 2120
I, [A] 0.1259 / 0.142 0.125
L [A] 0.0044 / 0.00338 /
L [A] 0.087812 / 0.09638
cosQ 0.653888 / / 0.654
Py [W] 4.84 5.891 / 6.24

1 0.025 1 CT™M
" o2 MSM
0.015 -
. FEM
T 0014
£
£ 0005
=
0 4 T . T T Y
L 0.2! 0.4 06 0.8 1
-0.005 -
’ slip{/]

Fig. 19. C,onipamtive torque slip characteristics by different methods

V. CONCLUSION

The paper is presenting an approach to the evaluation of
steady state and transient performance characteristics of a
shaded-pole motor. The authors start from the generalized
theory of single-phase induction motor with asymmetrical
windings and develop an analytical model based on the
equivalent circuits. Special attention is put on exact de-
termination of motor parameters, i.e. inductances, knpovw-
ing that, up to now there is no generalized methodoiogy.
As -a tesult. motor electromechanical characteristics are
determined. ;.

The FE numerical method is used for calculation of static
torque characteristics, too. By using the powerful simula-
tion tool offered by Matlab/Simulink, the transient cher-
acteristics are determined at different operating modes.
Results from all three methods applied are compared with
data known from experiment, showing excellent agree-
ment . On that way complex analysis of this special type
of micro motor is performed, searching for as much as
possible accurate methodology for determination of motor
performance characteristics.

The next task is to include more parameters in calcula-
tions and to extend the analysis. This work could serve as
a good guide.
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