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Design of Pole Change Single-Phase Induction Motor
for Household Appliances
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Abstract—This paper deals with the design of a pole change single-
phase induction motor to reduce the harmonic components of the
magnetic flux density in the air gap. The harmonics in the magnetic
flux density distribution can have a significant detrimental effect on
the characteristics of the machine such as crawling. In this paper, the
magnetic flux density distribution is analyzed by analytical method
and finite element method. Discrete Fourier Transform is used to
analyze the harmonics and the characteristics are calculated from
the equivalent circuit considering the harmonic components. The
winding arrangement for the harmonic reduction is designed from
the optimization method and the harmonic reduction of the
improved models is verified through the experimental results.

Keywords- pole change single-phase induction motor, harmonic
components, magnetic flux density, distortion, crawling, Discrete
Fourier Transform.

I. INTRODUCTION

Capacitor-run single-phase induction motors (SPIMs) are
widely used in household appliances. The major reason is that
the motors are fed directly from the commercial single-phase
source without any control device [1]. A pole change SPIM in
this paper is the capacitor-run SPIM that has two kinds of
poles, 4-pole and 2-pole. Therefore, this motor is capable of
variable speed operation and can expand the constant torque
range using the pole change technique. In addition, it is
maintenance-free and cheap in comparison with the motors
such as 3-phase inverter motors and brushless DC motors,
because it uses a pole change switch to change the speed
without inverters or drives. Moreover, when the pole change
SPIM, which can have two outputs and speeds at the same
torque using the commercial frequency, is used for the
compressor of household appliances, it can improve the system
efficiency of the compressor even though the efficiency of the
motor itself is a little low. Therefore, the household appliances
using pole change SPIM is expected to be able to have more
competitive power in cost and efficiency aspect than that using
capacitor-run SPIMs and the inverter-type motors.

This paper deals with the design of the pole change SPIM.
To improve the system efficiency of the compressor, the
motor is designed focusing on high efficiency at 4-pole and
the maximum torque at 2-pole. Moreover, pole change torque,
which is torque when pole is changed, should be obtained.

The pole change SPIM is composed of a main winding, an
auxiliary winding and a compensation winding. The main

T. U. Jung

Digital Appliance Company Research Lab.
LG Electronics Inc.
Changwon, Gyeongnam, Korea, 641-711
tujung@lge.com

winding is used at both 4-pole and 2-pole. The auxiliary
winding is used only for 4-pole, because it is started at 4-pole.
When 4-pole is changed into 2-pole, the main winding is
connected with the voltage source but the auxiliary winding is
disconnected. At this time, the magnetic flux density
distribution by only the main winding can result in severe
distortion caused by harmonic components. The existence of
harmonics is well known to have a significant detrimental effect
on the characteristics of the machine such as crawling [2].
Therefore, to compensate both the magnetic flux density and the
torque such as negative torque, the compensation winding is
connected in parallel with the main winding at 2-pole operation.
However, in spite of the compensation winding, speed-torque
curves can be distorted by harmonic components, especially, the
third and the fifth harmonics. Therefore, it is very important to
calculate the accurate magnetic flux density and harmonics, and
design the compensation winding for harmonic reduction.

In this paper, the magnetic flux density distribution in the
air gap is analyzed by analytical method and Finite Element
Method (FEM). Discrete Fourier Transformation (DFT) is
used to analyze the harmonics in the magnetic flux density
distribution. Using a prototype pole change SPIM, the
characteristics are calculated from the equivalent circuit
considering the harmonic components and the method is
verified through the experimental results. Moreover, from the
winding design using the optimization method to reduce the
harmonic components, three models whose stators have 24
slots are designed and compared with the experimental results.
Finally, the pole change SPIM, whose stator has 36 slots and
the coil pitch is equal to the pole pitch, are presented.

II. POLE CHANGE TECHNIQUE

Fig. 1 shows the cross-section view of the pole change
SPIM. The total slot number of the stator is 24, and two type
windings are inserted in each slot. The symbols, M, A and C
represent the main, the auxiliary and the compensation
windings, respectively. The pole center at 2-pole is between
slot number 6 and 7. Fig. 2 shows the winding patterns at 4-
pole and 2-pole operations. When pole is changed from 4-pole
to 2-pole, pole N” and pole S’ of the main winding in Fig. 2(a)
are changed into pole S”” and pole N” in Fig 2(b), respectively.
The auxiliary winding is disconnected and the compensation
winding is connected in parallel with the main winding instead
of the auxiliary winding as shown in Fig. 2(c).

0-7803-7883-0/03/$17.00 (C) 2003 IEEE



Pole center at 2-pole

Figure 1. Cross-section of the pole change SPIM.
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(c) Winding pattern by the main and the compensation windings at 2-pole operation.

Figure 2. Winding pattern according to the pole number.

Fig. 3 shows the magnetic flux density distribution by
Finite Element Method (FEM), DFT of the magnetic flux
density distribution and the speed-torque curves, which are
obtained from the experimental results according to the
existence of the compensation winding. In this paper, 90 deg.
of rotor position in Fig. 3(a) corresponds to the pole center at
2-pole in Fig. 1. In Fig. 3(a) and (b), the unbalanced 6-pole of
N-S-N-S-N-S occurs due to the harmonic components such as
the third and the fifth order at 2-pole operation with only the
main winding. As the results, the third harmonic component
synchronizes the speed near 1,200 rpm, and the speed-torque
curve is distorted and generates the negative torque, which is
larger than the positive torque as shown in Fig. 3(c). Thus, the
compensation winding is wound to compensate both the
magnetic flux density distribution and torques such as the
negative torque and the maximum torque at 2-pole.

S
2 S N S
2]
g
Q
< [l
®
= T
= :
g
k51
& _
=
=

—+— with compensation winding :

Lo without compensation winding Pole center
) 90 180 270 360

Rotor position (deg.)
(a) Magnetic flux density distributions.

N}
=}

I vith compensation winding
[ Jwithout compensation winding

o
S

%
IS

=
=)

40

20

- -

-20

Normalized harmonic magnitude (%)

-40

0 1 2 3 4 5 6 7 8 9 10
Harmonic order

(b) DFT of the magnetic flux density distribution.

®  with compensation winding Jo00
4 O without compensation winding ...0' ’.
...-' .
/E\ 2 599 .o'.
> 84000 S ®
4 00g85e0 o® 00
\_%0 gesee s o ...._.o . 099,
@'
S . Kl 00
o ® ooooo
8 2 oe® OoOo
= 0 ©
o OO
4 ° ooO
ooOO
-6
0 600 1200 1800 2400 3000 3600
Speed (rpm)

(c) Experimental results of the speed-torque curves.

Figure 3. Characteristics according to the compensation winding
at 2-pole operation.

In Fig. 3, the magnetic flux density distribution of 6-pole is
changed into that of 2-pole by the compensation winding, and
the harmonic components as well as the negative torque are
reduced. However, in spite of the compensation winding, the
distortion of the speed-torque curve can be still produced.
Therefore, it is very important to calculate the magnetic flux
density distribution in the air gap and analyze the characteristics
of the pole change SPIM considering the harmonic components.

III.  ANALYSIS METHODS

A. Magnetic Flux Density Distribution in the Air Gap

The magnetic flux density distribution by analytical
method is calculated as follows.
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Figure 4. Illustration relating to the calculation of the field of conductors.

To avoid unnecessary mathematical complexity, certain
simplifying assumption is made. The main simplifying
condition is the assumption of the infinite relative
permeability of iron (ur=eo). It is assumed that the motor
consists of two smooth coaxial cylinders made of a magnetic
material and the cylinders are separated by the air gap in Fig.
4.

The magnetic flux density produced by an arbitrary system
of conductors in the air gap is obtained by the superposition of
the field densities of the individual conductors. The magnetic
flux density B(¢) of the individual turns at any point P having
the coordinate a is obtained by using equation (1) [3].

B(a):”O—?iilsinn(a—e) (1)
T

n=1

where n is the harmonic order, Cy is the number of conductors
that are placed at the position @ and ¢ is the magnetic air gap.
B. Discrete Fourier Transform

DFT for the harmonic analysis of the magnetic flux
density distribution can be expressed as equation (2).

Num .
2N sin (@j )

Num = Num

a =

n

where a, is the n-th harmonic magnitude of the magnetic flux
density, Num is the number of data and b, is the magnetic flux density
magnitude at each data. The ratio of the fundamental magnitude to
the harmonic magnitude a,/a; is used to obtain magnetizing reactance
and secondary parameters of the n-th harmonic [4].

C. 4-Pole Characteristic Analysis

In order to analyze the characteristics of the capacitor-run
SPIM by equivalent circuit, symmetrical-coordinate system
considering unbalanced state is introduced as shown in Fig. 5.

Equation (3) and (4) are the positive and the negative
voltages by the symmetrical-coordinate system, respectively.

v, = (VM V4 )/2 3)

Vo =(Vu+ V)2 (4)

el 474

Figure 5. Symmetrical-coordinate system.

where Vp and V) are the positive voltage and the negative
voltage, respectively. The overall torque in equation (5) is
calculated by the difference between the positive and the
negative component torques and this equation expressed as the
synchronous watt.

60
T = TNO (Pp—By) (%)

where N, is the synchronous rotating velocity. P,pand P,y are
the secondary output powers of the positive and the negative
components, respectively, as shown in equation (6) and (7).

Rl

P, = Tz '|Izp|2 (6)
Rl

el L ()

where I,p and Ly are the secondary input currents of the
positive and the negative components, respectively.

D.  2-Pole Characteristic Analysis

The pole change SPIM at 4-pole operation is analyzed
from the equivalent circuit by the symmetrical-coordinate
system in order to consider the elliptical magnetic field. The
main and the auxiliary windings are designed for 4-pole and
there are few harmonics in the magnetic flux density
distributions. Thus, the equivalent circuit is composed of the
fundamental component. On the other hand, the main winding
for 4-pole operation is also used at 2-pole operation.
Therefore, the magnetic flux density distribution with only the
main winding can become severely distorted by the harmonic
components.

Fig. 6, as suggested by Alger and others, shows the
equivalent circuit considering the harmonic components for
the characteristic analysis at 2-pole operation [5]. It is a useful
concept to visualize the electromagnetic behavior of the
various space harmonic as being similar to the behavior of
separate motors, with a common stator winding and a common
shaft, but with magnetizing reactances and secondary
impedances corresponding respectively to the air gap flux
wave of each specific harmonic. Therefore, the effect of the
various harmonic torques on the fundamental speed-torque
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curves can be evaluated from the equivalent circuit. The phase
quantities V;, R;, Ry, X; and X, of the circuit are identical to
those of the standard equivalent circuit, such as that shown in
Fig.6. The magnetizing reactance of each of the harmonics,
such as X, 5, is based on the component of air gap flux of that
particular harmonic. In addition, the slip function of R,., for
each harmonic is set up for the rotor slip for that particular
harmonic and is dependent on the order of the harmonic and
on whether the harmonic field is positive (or forward) rotating
or negative (or backward) rotating.

Thus, the n-th slip function can be expressed as equation
(8) if it is a forward rotating field and it can be expressed as
equation (9) if it is a backward rotating field [5].

s,, =1=n(l-s) ®)
s =1+n(l-s) 9)

nn

where n is the order of the harmonic, s is the slip of the
fundamental component. Considering the fundamental
component as a harmonic of the first order, the harmonic order
of the pole change SPIM consists of odd terms only.

Fig. 7 shows the flow chart for the characteristic analysis
at 2-pole operation. The phases of the main and the
compensation windings are same. Therefore, the mutual effect
on the two windings should be considered. Moreover, the
characteristics of each winding are calculated by using the
equivalent circuit of Fig. (6), respectively. The total torque can
be obtained from superposition of the torques by the main and
the compensation windings according to slip.

Ri2  jXi2 JX2/2
DL

[
r
R 33/2)/(3s2)
2
£
z .
K (R 55/2)/(55-4)
.
.
Vi 0
] JX 2512
JXars 2 (R 2-5/2)/(6-55)
o
2
% JXars/2 (R 2:3/2)/(4-3s)
Z
R 512)/(2-5)

Rif2 jXif2

Figure 6. Equivalent circuit considering the harmonic components.
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Figure 7. Flow chart for the characteristic analysis at 2-pole operation.

TABLE I
BRIEF SPECIFICATIONS OF ANALYSIS MODEL
Item Value Unit
Input voltage 220 \%
Frequency 60 Hz
No. of slots (stator/rotor) 24/34
Air gap length 0.3 mm
Stack length 48.0 mm
Outer diameter of rotor 60.0 mm
Rated torque 4.4 kgf-cm
Output power (2-/4-pole) 160/80 w

E.  Characteristic Analysis Results

To verify the presented analysis method in this paper, the
characteristics are analyzed using the prototype model that has
the specifications of the pole change SPIM as shown in Table
L. Input voltage is 220 V and frequency is 60 Hz. While output
power and synchronous speed are 160 W and 3,600 rpm at 2-
pole operation, those of 4-pole operation are 80 W and 1,800
rpm, respectively.

Fig. 8(a) shows the magnetic flux density distribution in the
air gap using the analytical method in comparison with the
FEM. The effect on the saturation can be considered by the
FEM, but not by the analytical method. Therefore, the
difference between the harmonic analysis results by two
methods occurs as shown in Table. 2. As the results, the speed—
torque curve of the analysis model by the experimental result is
affected by the fifth order harmonic component , while that of
the analysis model by the simulation result is more affected by
the third order harmonic component than the fifth order
harmonic component as shown in Fig 8(c).

Even though the speed-torque curve of the analysis result
differs from that of the experimental result, the analysis results
by the presented analytical method show the effect of the
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harmonics and the important torques such as the pole change
torque and the maximum torque at 2-pole can be estimated.
Thus, this presented method is used for the characteristic
analysis and the winding design to reduce the harmonic
components of the pole change SPIM in this paper.

TABLE II
HARMONIC ANALYSIS RESULTS
Harmonic order Analytical method (%) FEM (%)
1 100.0 100.0
3 -17.6 -7.5
5 -7.3 -14.5
7 4.0 7.5
1.0
Analytical method
0.8 —*—FEM

0.6

Magnetic flux density (T)
[=1
N

0 30 60 90 120 150 180
Rotor position (deg.)
(a) Magnetic flux density distribution at 2-pole.
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Figure 8. Characteristic analysis results of the prototype model.

IV. DESIGN FOR HARMONIC REDUCTION

A. Procedure of Winding Design

In Fig. 8, in spite of the compensation winding, the speed-
torque curve is distorted by the third and the fifth harmonic
components. Therefore, it is very important to design the
compensation winding for harmonic reduction. Fig. 9 shows
the flow chart of the winding design. The magnetic flux
density and the harmonic analysis are calculated by the
analytical method. In the figure, /, and /. are the currents of
the main and the compensation windings, respectively.
Distortion factor FN, the ratio of the fundamental component
to the average harmonics, represents the distortion effect by
the harmonics and can be expressed as equation (10).

FN=1"22 (10)

where, V; and V; are the magnitude of the fundamental
magneto-motive force(MMF) and the harmonic MMF,
respectively. The number of turns is determined from
optimization using conjugated (CG) method. From the
determined compensation winding, the performances of the
pole change SPIM are analyzed by the equivalent circuit
considering the harmonics as shown in Fig. 6 [5].

‘ Initial winding pattern ‘

‘ Input main and compensation winding currents ‘

—} Calculation of MMF ‘

I

‘ Decision of distortion factor FN ‘

Change of the number of turns
(Optimization by CG method)

I

FN=FN"" ‘ Decision of new distortion factor FN "¢ ‘

1, m= 1, m”ew es
[ =] "rew
¢ e ‘ Parameter calculation ‘
‘ Equivalent circuit analysis at no load ‘

Calculation of main and compensation
winding currents (£,,"*", I."")

Calculation of MMF ‘

No

Harmonic reduction?

Figure 9. Flow chart for the winding design.
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B.  Characteristics according to Coil Pitch

Fig. 10 shows the winding distributions according to coil
pitch of the main winding. In Fig. 10(a), the coil pitch of the
main winding is less than the pole pitch. The winding
distribution by only the main winding without the
compensation winding induces opposite pole near 90 deg. of
rotor position as shown in Fig. 3(a). Therefore, to compensate
the magnetic flux density distributions using the compensation
winding for the harmonic reduction, this type motor needs
many turns in the slots near 90 deg. of rotor position. On the
other hand, Fig. 10(b) and Fig. 11 show the winding
distribution and the magnetic flux density distribution when
the coil pitch of the main winding is equal to the pole pitch.
This winding distribution induces the same pole in part A, that
is, 90deg. of rotor position. Therefore, the slot area as well as
the number of turns in part A can be reduced.

' Pole pitch

Coil pitch

v
oLl e e ]

(a) Short pitch.

2]

Pole pitch
Coil pitch

[ e e
(b) Full pitch.

Figure 10. Winding distributions according to coil pitch of the main winding.

Magnetic flux density (T)

0 30 60 90 120 150 180
Rotor position (deg.)

Figure 11. Magnetic flux density distribution by only the main winding at 2-pole.

C. Improved Models

The four pole change SPIMs are designed to reduce the
harmonic components of the magnetic flux density distribution
in the air gap and the specifications of the improved models are
represented in Table III. In Model I and II, rated output powers
of 2-pole and 4pole are 160 W and 80 W, respectively. Model
III has rated output powers of 115 W at 2-pole and 55 W at 4-
pole. The number of stator and rotor slots and the rotor volume
in the models are same. The three models, which have shot
pitch winding distribution, are manufactured and have both the
analysis and the experimental results.

In Model IV, rated output powers of 2-pole and 4pole are
160 W and 80 W, respectively, and equal to those of model I
and II. But, the winding distribution, the numbers of stator and
rotor slots and the rotor volume are different. Model IV has
the only analysis results, because it is not manufactured.

While model I and II have the PTC resistance, which is
connected in parallel with the running capacitance and the
same torque per rotor volume, model III and IV substitute the
starting capacitance and the switch for the PTC resistance and
have the same torque per rotor volume.

Fig. 12 shows the test apparatus for the pole change SPIMs.

D. Analysis and Experimental Results

Fig. 13 shows the MMF distributions in the air gap
according to rotor position of the four models at 2-pole by the
main and the compensation windings.

The harmonic analysis results of the models are shown in
table IV. The magnitudes according to harmonic order are lower
than 5.0 %. Especially, those of model IV are less than 0.5 %.

Fig. 14 shows the speed-torque curves of the four models.
This results show that the harmonic effect such as crawling is
reduced in comparison with the prototype model. As shown in
Fig. 14(d), the speed-torque curve at 2-pole in the model IV is
affected little by the harmonic components.

TABLE III
BRIEF SPECIFICATIONS OF IMPROVED MODELS
Item Model I | Model I | Model III | Model IV
Rated output power of
2-/4-pole(W) 160/80 160/80 115/55 160/80
Rated torque (kgf-cm) 44 44 3.1 44
No. of slots (stator/rotor) 24/34 24/34 24/34 36/44
Rotor volume
(x10e+3mm2) 135.7 135.7 135.7 192.9
Torque per rotor volume
(x10e-6kgf-cm/mm?2) 324 324 228 238
Main winding 1120 1280 1424 1264
No. of Auxili
series uxiary 560 1080 1184 1240
winding
turns Compensation
pen 800 792 756 764
winding
PTC resistance () 33 33 - -
Starting capacitance
- - 8 12
N
Running capacitance 5 3 ) 3
(UF)
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Figure 13. MMF distributions in the air gap of the models.

TABLE IV
HARMONIC ANALYSIS RESULTS
Harmonic order Model I | Model IT | Model Il | Model IV
1 100.0 100.0 100.0 100.0
3 34 39 43 0.26
5 0.9 0.0 2.0 0.0
7 0.6 0.4 1.0 0.15

Table V shows the experimental results at the rated output
power except for model IV. The values of the model IV are
the analysis results. While the model I is focused on maximum
torque at 2-pole and pole change torque, the model II is
focused on efficiency at 4-pole. Therefore, the maximum
torque at 2-pole and the pole change torque of the model I are
16.67 kgf-cm, and 6.00 kgf-cm, respectively, and larger than
13.00 kgf-cm, and 4.00 kgf-cm of the model II. On the other
hand, the efficiency at 4-pole of the model II is 75.32 % and
higher than 69.64 % of the model 1.

The model III, which differs from the model I and II in the
rated output power, is designed to improve torque such as the
maximum torque at 2-pole and the pole change torque for 3.14
kegf-cm of the rated torque, and the efficiency at 4-pole.
Therefore, the maximum torque at 2-pole is 14.40 kgf-cm, 4.65
times of the rated torque, pole change torque is 5.24 kgf-cm, 1.69
times of the rated torque, and the efficiency at 4-pole is 74.40 %.
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TABLE V
EXPERIMENTAL RESULTS AT RATED OUTPUT POWER

Item Model Model Model Model
1 11 11 I\
Rated output (W) | 79.45 | 79.49 55.40 79.26
R?{fgf_té’rrnq)ue 449 | 452 | 314 441
" Max(‘lfgg;‘;rq“e 9.09 7.50 5.53 9.00
Pole | Line current (A) 0.57 0.52 0.40 0.43
Main current (A) 0.75 0.52 0.44 0.36
Aux. current (A) 0.49 0.36 0.23 0.46
Efficiency (%) 69.64 75.32 74.40 81.20
Rated output (W) 162.0 157.86 115.00 160.02
Rated torque
(kgf_cn;l) 438 438 3.10 438
2- | Maximumtorque | 667 | 1309 14.40 18.85
pole (kgf-cm)
Line current (A) 2.04 1.76 1.35 1.58
Main current (A) 0.66 0.41 0.10 041
Comp. current (A) 1.38 1.35 1.25 1.17
Starting torque (kgf-cm) 5.52 7.29 5.53 2.09
Pole change torque 6.00 4.00 594 8.06
(kgf-cm)

V. CONCLUSION

This paper deals with the analysis method by the
equivalent circuit considering harmonic components and the
winding design to reduce the harmonics of the pole change
SPIM. From the analysis and the experimental results of the
prototype pole change SPIM, the distortion of speed-torque
curves by the harmonics is shown.

The four improved models for the reduction of the
harmonics are designed. The three models, the model I, IT and
III, are manufactured and tested. From the experimental
results, these models are verified that the harmonic
components are reduced and the maximum torque at 2-pole
and the pole change torque are obtained. In addition, the
efficiency at 4-pole in the model III is improved.

Even though the model IV is not fabricated, the analysis
results show the fact that the harmonic components and the
number of turns of the compensation winding near 90deg. of
rotor position are more reduced, and the pole change torque,
the maximum torque at 2-pole, and the efficiency at 4-pole are
more improved when the coil pitch is equal to the pole pitch.
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