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Analysis and Design of a Two-Speed Single-Phase Induction Motor
with 2 and 18 Pole Special Windings

Mircea Popescu, Member, IEEE, Dan M. Ionel, Senior Member , IEEE, Steve Dellinger, 

TJE Miller, Fellow, IEEE, and Malcolm McGilp

Abstract. The motor presented employs multiple independent 
windings for operation with two very different pole 
numbers. The 18-pole field is produced with a symmetrical 
three-phase winding connected in a Steinmetz arrangement 
to a single-phase supply. A unified analysis method has 
been developed and used to demonstrate the equivalence of 
a Steinmetz delta or star connection with a main and 
auxiliary winding of a single-phase motor. The method has 
been experimentally validated and also included are some 
specific motor design considerations.

Index terms – single-phase induction motors, design methodology , 
machine windings, asynchronous rotating machines, phase 
conversion, squirrel cage motors

I. INTRODUCTION

While the potential of power electronics technology for 
lower cost in large volume production and its long-term field 
reliability are yet to be fully proven, many drive applications, 
which require only basic speed variation, are employing line-
fed induction motors with special windings. Over the years, a 
large variety of motor designs have been developed to allow 
operation at two or more pre-set speeds, eg. [1-3]. Especially 
when used for mass production, such motors need to be very 
cost competitive and their optimization is subject to detailed 
design and analysis work. 

The single-phase induction motor technology has benefited 
of continuous theoretical and practical interest, eg. [4-15]. The 
operation of induction motors equipped with 3-phase windings 
and supplied, generally through a Steinmetz connection, from a 
single-phase source, has been a research subject to the very 
present day and some important contributions have been 
published lately by other authors [16-21].

The motor presented in this paper is designed with multiple 
independent windings to make possible the operation in two 
largely different configurations of 2 and 18 poles, respectively. 
The 18-pole configuration uses a 3-phase winding and a delta 
Steinmetz connection. The main objective of the theoretical 
analysis was to establish a mathematically rigorous equivalence 
between the Steinmetz connection and a main and auxiliary 

winding so that the motor can be optimally designed using 
single-phase motor engineering knowledge and practices. 

Starting from the commonly employed theory of 
symmetrical components and after further mathematical 
transformations, new equations and single-phase motor 
equivalent circuits have been developed in this respect. Also as 
new contributions, the mathematical relations between the 
actual measurable voltages and currents in the motor real 
windings, on one hand, and the values in the equivalent 
auxiliary and main winding, on the other hand, have been 
established for both the delta and the wye Steinmetz 
connection. A design procedure based on the new analysis 
method has been implemented using a motor design software 
and the theory has been experimentally validated. 

The optimal design of the 2 and 18-pole motor, which is 
exemplified in the paper, poses interesting challenges, such as 
the dimensioning of a magnetic circuit capable of operation 
with two very different field patterns, the comparison and 
selection of a wye or delta Steinmetz connection, the 
minimization of the torque ripple for a specific load together 
with capacitor rationalization etc. The methods employed are 
described and also discussed are design considerations of 
interest to an electric motor engineer.

II. ANALYSIS METHOD

For the 2-pole main and auxiliary winding a single layer 
sinusoidal distributed arrangement is employed in order to 
minimize the torque harmonics, the noise and vibrations. The 2-
pole high-speed motor operation can be simulated using the 
conventional theory [1].

The 18-pole field is produced with a symmetrical three-
phase stator winding, which is wound in one layer with a 
distribution of one slot per pole and phase and a full pole pitch 
on a 54-slot laminated core connected in a Steinmetz delta 
arrangement to a single-phase supply as shown in Fig. 1. The 
single-phase supplied machine is asymmetrical and based on 
the methods described in [4], we have developed a unified 
analysis theory for the delta and the wye Steinmetz connections 
(Figs. 2–5).
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Fig. 1. Electrical connections for the high speed 2-pole configuration and for  
the low speed 18-pole configuration. The 18-pole field is produced with a   
Steinmetz delta connection.

For steady-state operation all the variables are represented 
in complex numbers in the frequency domain. Using 
symmetrical components, the voltages across the 3-phase 
windings for a Steinmetz wye connection, can be written as:

p p n nAU Z I Z I= +                                                            (1)

1
p p n nBU Z I Z I −= α + α                                                    (2)

1
p p n nCU Z I Z I−= α + α                                                    (3)

where Zp and Zn are the positive sequence and negative 
sequence impedance respectively and the positive sequence and 
negative sequence current components are:

( )p A B C

1

3
I I I I= + +                                                          (4)

( )1
n A B C

1

3
I I I I −= + α + α                                                  (5)

with:

( ) 2 / 3
A B C

1
0 ,

3
jI I I e π= + + α =                                       (6)

No zero-sequence components are present in a three phase 
symmetrical system with isolated neutral point.

Based on the electrical circuits of the Steinmetz delta and 
wye connections from Figs. 2-3:

( ) ( )1
p p n nCA A C 1 1U U U U Z I Z I−= − = − = −α + −α   (7)

Z AB BC2U U U U= ⋅ − +                                                      (8)

where UZ is the voltage drop across the auxiliary impedance ZH, 
which is connected at the motor terminals in order to increase 
the forward and decrease the backward magnetic field 
component.

Similarly, based on the electrical circuit of the Steinmetz 
wye connection from Fig. 3:

( ) ( )1
p p n nA C 1 1U U U Z I Z I−= − = −α + −α          (9)

Z A C B2 2U U U U U= ⋅ − − + ⋅                                         (10)

In terms of an equivalent single-phase motor circuit, we 
can consider (7) and (9) respectively, as the voltage equation 
for the main winding, and (8) and (10) respectively, as a 
voltage equation from which a mathematical expression of the 
voltage on an equivalent auxiliary phase winding can be 
determined, as it will be demonstrated in the following.

Because the neutral point of the 3-phase symmetrical 
winding is not connected, the phase currents can be expressed 
as a function of two currents, one fictitious I and one equal to 
IB:

B
A 2

I
I I= −                                                                    (11)

B B AB BCI I I I= = −                                   (12)

B
C BC CA2

I
I I I I= − − = −                                               (13)

The flow of the two currents I and IB through the motor 
windings would produce two orthogonal magnetomotive forces.

By substituting (11) in (4) and (5):

( )
p B p

2 11 3
'

3 2 3
I I j I I

  −α−α= − =   
                        (14)

( )11

n B n

2 11 3
'

3 2 3
I I j I I

−− −α −α= + =   
                 (15)

A. Steinmetz delta connection

For Steinmetz delta connection (Fig. 4):

( ) ( )
( ) ( ) ( )

au x Z

Z A B B C

1
H CA AB p p n n

2

2 1 1

U U U

U U U U U

Z I I Z I Z I−

= + =
⋅ − − + − =

⋅ − − ⋅ −α − ⋅ −α
  (16)

or after several manipulations involving (14)–(15), the voltage 
equation of the equivalent auxiliary winding can be obtained 
from:

( )

au x Z

p n H CA ABp n

3 3
2

2 ' 2 '
3

U UU

j Z I j Z I Z I I

+
= =

⋅ ⋅ − ⋅ ⋅ + ⋅ −
       (17)

The position of the equivalent circuit elements in Fig. 4 is 
chosen in order to provide also an indication of the voltage 
phasor diagram. 
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Fig. 2. Electrical circuit for Steinmetz delta connection.

Fig. 3. Electrical circuit for Steinmetz wye connection.

With the variables referred to the main winding and a 

transformation ratio 3a = , the following set of equations is 
obtained for the equivalent circuit of the single-phase motor 
with Steinmetz delta connection:

au x Z aux H au x' ' ' ' ' 'U U U U Z I= + = +                               (18)

2
H HH' 4 / 4 / 3Z Z a Z= ⋅ = ⋅  (19)

p naux p n' 2 ' 2 'U j Z I j Z I= ⋅ ⋅ − ⋅ ⋅                                    (20)

Fig. 4. Equivalent main and auxiliary winding for Steinmetz delta connection.

Fig. 5. Equivalent main and auxiliary winding for Steinmetz wye connection.

( )CA ABau x' 3 / 2I I I= −                                               (21)

B. Steinmetz wye connection

For Steinmetz wye connection (Fig. 5):

au x

p n H Bp n

3 3
2

2 ' 2 '
3

ZU UU

j Z I j Z I Z I

+
= =

⋅ ⋅ − ⋅ ⋅ + ⋅
                   (22)

where Ip’ and In’ are given by (14) and (15) respectively.  The 
position of the equivalent circuit elements in Fig. 5 is chosen in 
order to provide also an indication of the voltage phasor 
diagram.
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With the variables referred to the main winding and a 

transformation ratio 3a = , the following set of equations is
obtained for the equivalent circuit of the single-phase motor 
with Steinmetz wye connection:

au x C aux H au x' ' ' ' ' 'U U U U Z I= + = +                               (23)

2
H HH' 4 / 4 / 3Z Z a Z= ⋅ = ⋅                                           (24)

p naux p n' 2 ' 2 'U j Z I j Z I= ⋅ ⋅ − ⋅ ⋅                                     (25)

Bau x' 3 / 2I I=                                                               (26)

In principle, it would be possible to further express the 
current in the equivalent auxiliary phase as a function of the 
positive and negative sequence currents. Equations (21) and 
(26) illustrate the relation between the current in the equivalent 
auxiliary phase and the actual measurable currents in the motor 
real windings.

Note that the actual value of the voltage on the equivalent 
auxiliary phase is given by (17) or (22) and the value of the 
auxiliary voltage referenced to the main circuit is provided by 
(20) or (25), respectively. Figures 4 and 5 are drawn also such 
as to illustrate that the voltage phasors of the equivalent main 
and auxiliary phase are in quadrature.

The order in which the coils are connected in the 
equivalent (fictitious) auxiliary winding is, of course, essential. 
For example, in the equivalent single-phase motor circuit for 
the Steinmetz delta connection, the auxiliary winding is formed 
by the third phase ZBC connected with the same polarity as in 
the 3- phase (real) winding and in series with the second phase 
winding, which has to be connected with reversed polarity (ZBA

in the equivalent circuit of Fig.4 as compared to ZAB in 
electrical connection diagram of Fig. 2). 

It is also important to note that the equivalent capacitive 
impedance is four times higher than the real one, i.e. 4ZH vs. ZH, 
which means that the equivalent single-phase motor circuit 
employs only one quarter of the capacitance that is physically 
connected at the motor terminals. 

The theory described in this section has demonstrated the 
equivalence between a motor with a symmetrical three-phase 
stator winding connected in a Steinmetz arrangement to a 
single-phase supply and a motor with main and auxiliary 
windings, the performance of which can be simulated using the 
conventional theory of single-phase motors [1, 3-5].

III. STEADY-STATE AND TRANSIENT OPERATION

The steady-state and the transient performance of a 2/18 
pole, 60Hz, 240V single-phase supply induction motor was 

Fig. 6. Torque speed curve for steady state operation in 18 pole configuration.

Fig. 7. Current vs. speed for steady state operation in 18 pole configuration.

calculated using the procedure described in the previous section 
and a motor design software [5, 6]. The analysis was 
complemented by improved analytical methods developed 
previously [7, 8].

A comparison between the steady-state simulated and 
tested performance is summarized in Figs.6-9 and in the tables 
I-II. The transient motor operation for starting against rated 
load (see Figs.10-11) has been calculated using the constant 
motor parameters specified in the appendix.

In the 18-pole configuration the motor is operated as a 
permanent-split capacitor (PSC) type, with the same capacitor 
connected both at start and run operation. In the 2-pole 
configuration a solid-state switch is employed to change in 
between the start and run capacitor at 90% of the synchronous 
speed. The effect of the switch is noticeable in both the steady-
state and transient performance curves. The transient torque 
contains a relatively large pulsating torque of twice the line 
supply frequency. 
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Fig. 8. Torque speed curve for steady state operation in 2 pole configuration.

Fig. 9. Current vs. speed for steady state operation in 2 pole configuration.

Fig. 10. Transients for starting against rated load in 18 pole configuration.

Fig. 11. Transients for starting against rated load in 2 pole configuration.

TABLE I
CALCULATED AND TEST DATA FOR STEADY-STATE OPERATION IN

18-POLE CONFIGURATION

TABLE II
CALCULATED AND TEST DATA FOR STEADY-STATE OPERATION IN 2-POLE

CONFIGURATION

Because of the very high load inertia the torque ripple does 
not cause speed oscillations in the example motor drive. Such a 
torque ripple is specific to a single-phase induction motor [9], 
being caused by the presence of a forward and a backward 
rotating magnetic field.

Means of balancing the motor operation and reducing the 
pulsating torque are further discussed in the next section.

IV. MOTOR DESIGN CONSIDERATIONS

The motor magnetic circuit has to be designed for optimal 
operation with 18-pole and 2-pole field, respectively. The finite 
element analysis (FEA) magnetic field plots, which are printed 
on the same flux density scale in Fig.12 and 13, illustrate some 
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of the design challenges due to the magnetic circuit being 
shared by two largely different stator winding polarities. In the 
low speed 18-pole configuration, the saturation level is 
significant only in the teeth. In the high-speed 2-pole 
configuration, the stator yoke has an increased magnetic 
loading.

For a capacitor-start single-phase induction motor, which 
has the magnetization reactance much higher than the referred 
rotor resistance and leakage reactance and based on the 
equations from [1], the starting torque can be computed as a 
function of the capacitance and the turns ratio of the auxiliary 
and main winding:

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

2
2

2

2

22 2

'

Im Re Re Im Re Im

Im Im Re

n
st

m

m a m c m m

m c a

a U R
T

f Z

Z Z Z Z a Z Z

a Z Z Z

⋅
= ⋅π

⋅ + ⋅ −
 − + 

   (27)

where Un and f are the line supply voltage and frequency 
respectively, R’2 the referred rotor resistance, Zm and Za the 
locked rotor main and auxiliary winding impedance, 
respectively and C C CZ R j X= − ⋅  is the capacitive impedance 

connected in series with the auxiliary winding. The real and 
imaginary components of the complex impedances are denoted 
by Re and Im, respectively. 

The starting torque can also be evaluated using the main 
and auxiliary starting currents:

st m st ast sts intiT a K I I= α                                             (28)

where Kti is a proportionality constant and αst is the electrical 
phase angle between the main and auxiliary current phasors at 
locked rotor conditions.

Based on (27), it can be demonstrated that the maximum
theoretically achievable starting torque is only dependent of the 
motor parameters, i.e. is independent of the starting capacitor, 
and can be calculated as:

( )
( )

2
2

ax

Im'

2 Re
m mn

stM
a

Z Za U R
T

f Z

+⋅
= ⋅π                              (29)

This equation can serve for an initial design choice of the turns 
ratio. In order for the motor to develop the maximum starting 
torque calculated with (29), the starting capacitor has to be 
selected such that:

( ) ( ) ( )
( )

1
R e R e1

Im
Im

a m
ast

m m

Z Z
C Z

f Z Z

− 
= ⋅ − 2 π + 

               (30)

However, from the starting performance point of view, 
both maximum torque and minimum current are desirable. It is 
known that both conditions cannot be generally fulfilled with 
the same capacitor and therefore a common engineering trade 
off is to design for maximum starting torque per amp, which is 
theoretically achieved for [1]:

Fig. 12. Flux lines and flux density in the cross-section of the motor operating
            on load in the 18 pole configuration.

Fig. 13. Flux lines and flux density in the cross-section of the motor operating
       on load in the 2 pole configuration

( ) ( ) ( ) ( )
( )

( ) ( ) ( )( )
( )

1

Im Re Im Re1

Re

Re Re Re

Re

a m m a
st

m

m a m a

m

Z Z Z Z
C

f Z

Z Z Z Z

Z

−

 −
= ⋅ +2π 

⋅ ⋅ + 

        (31)

In a single-phase induction motor model, in which only the
fundamental m.m.f. is considered, the instantaneous 
electromagnetic torque, Te, has an average (DC) component, 
Tavg, and a pulsating (AC) component of amplitude, Tpls, and 
frequency equal to twice the supply frequency:
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( )e avg pls cos 2T T T t= + ω                                              (32)

Balancing the run operation, which aims at eliminating the 
pulsating torque caused by the backward rotating field, is 
extremely important, especially for the 18-pole configuration 
for which the torque pulsations and the low rated speed can 
cause instability.

By solving the equivalent circuit of a single-phase motor 
and taking into account the balancing condition of the main and 
auxiliary current [9]:

a m

j
I I

a
=                                                                        (33)

the equations for the components of the impedance ZC, which is 
connected in series with the auxiliary winding, are obtained as:

( ) ( ) ( )( )1Im 2 Re 2 Imc f fC aX Z X a R Z a Zσ= = + ⋅ + +  

(34)

( ) ( ) ( )( )1Re 2 Im 2 Rec f fC a mR Z R a X Z a Zσ= = − + ⋅ + −
(35)

where R1 and R1a are the main and auxiliary winding resistance 

respectively, Xσm and Xσa are the main and auxiliary leakage 
reactance respectively and the equivalent forward impedance at 
a slip s is given by:

2
2

2
2

'
    '  

4
'1

 +   +  '  
2 2

m

f
m

jX R
jX

s
Z

jX R
jX

s

    ⋅ −      =           
                             (36)

A balanced single-phase motor will have, in general, an 
increased torque per amp and ideally no pulsating torque 
component of twice the mains frequency. However, with a 
fixed value capacitive impedance the motor can be fully 
balanced at only one particular load and speed. To ensure 
continuous balanced operation over a wider torque-speed range, 
more complex solutions, such as an electronically controlled 
capacitor [10-12] or a vector control strategy [13], have been 
proposed. Furthermore, balanced operation does not necessarily 
guarantee maximum efficiency, for which, a higher run 
capacitance might be required [14-15]. These considerations 
make the motor design very application dependent.

The equations included in this section are useful for 
preliminary design and their application is followed by a more 
detailed parametric study employing the mathematical model of 
the motor, which was previously described.

The 18-pole configuration is produced through a Steinmetz 
delta connection of a 3-phase winding to a single phase voltage 
supply. The Steinmetz connection is advantageous because it 
has a higher winding factor than a main and an auxiliary 
winding and also eliminates the third-order harmonics of the 
air-gap mmf. Furthermore, the end-coil dimensions are reduced 
and as a result the end-leakage reactance and the end-winding 

Fig. 14. Starting and rated load torque as a function of capacitance in the 18
         pole motor configuration.

Fig. 15. Starting torque per amp as a function of capacitance in the 18 pole 
             motor configuration

resistance are relatively low. The Steinmetz delta connection 
has an advantage over a Steinmetz star connection in that a 
smaller capacitor is required to produce the same power output. 
This is because for the same single-phase voltage supply the 
number of turns and therefore the winding impedances are 
higher for a Steinmetz delta connection.

The theory presented in the second section of the paper has 
demonstrated that a Steinmetz connection is equivalent and can 
be fictitiously replaced by an auxiliary and a main winding with 

an effective ratio of turns 3a = . Because the ratio of turns is 
larger than 1, the motor can be balanced only by using a 
capacitive impedance connected in series with the auxiliary 
winding [1, 4, 9].
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Fig. 16. The starting torque per amp as a function of starting capacitance and
  turns ratio in the 2 pole motor configuration.

Fig. 17. The starting torque as a function of starting capacitance and turns ratio
            in the 2 pole motor configuration.

Fig. 18. Average torque at rated load as a function of run capacitance and turns
          ratio in the 2 pole motor configuration.

Fig. 19. Amplitude of the pulsating torque at rated load as a function of run
            capacitance and turns ratio in the 2 pole motor configuration.

The 18-pole motor configuration is operated as a 
permanent split capacitor type; the same capacitor is used both 
for starting and running operation and has to be optimized for 
both situations.

As the turns ratio is fixed in a Steinmetz connected motor, 
we have used the motor design and analysis software [5] to 
study only the influence of the capacitor selection on the 
example motor performance and obtained the results plotted in 
Fig. 14 and 15. The region of most interest is in between 50 to 
100µF, where the starting torque and the average torque at 
rated load reach a maximum, and the amplitude of the pulsating 
torque at rated load has a minimum. Also, within this 
capacitance range, the ratio of the starting torque and starting 
current achieves a maximum. 

It is interesting to note that for the considered motor 
example a phase angle of 60 degree, which would ensure fully 
balanced operation, cannot be achieved at a relatively large 
load of 5.5lbft at 335rpm. In order to completely eliminate the 
torque pulsations not only the capacitance (see Fig. 14) but also 
the turns ratio of the equivalent auxiliary and main winding 
should be modified, which is clearly not feasible with a 
Steinmetz connection. However, by optimal choice of the 
capacitor the pulsating torque is minimized at a level, which is 
totally satisfactory for typical applications, while the starting 
and rated torque requirements are met.

The 2-pole configuration is of the conventional single-
phase type and the parametric design study has been extended 
to include not only the capacitance but also the turns ratio (see 
Figs.16-19). For a set value of the starting capacitance, the 
turns ratio has a relatively reduced influence on the starting 
torque per amp value. The value of the starting capacitance is 
selected in order to ensure the same starting torque for the 2-
pole motor configuration as for the 18-pole configuration, this 



9

requirement being determined by the typical direct drive 
application.

More design freedom is available for the 2-pole 
configuration also because a solid-state switch is employed to 
change from a start capacitor to a run capacitor. The run 
capacitance and the turns ratio are selected in order to minimize 
the pulsating torque and the same time match the rated load 
requirements. It is interesting to note that fully balanced 
operation, with virtually zero pulsating torque, would be 
possible at rated speed; however, in this case the motor would 
not be able to develop the required rated torque.

V. CONCLUSIONS

The method developed for motor analysis allows the 
unified treatment of induction motors with a delta or star 
Steinmetz connection supplied from a single-phase voltage 
source. The overall agreement between calculated and 
measured performance can be considered as satisfactory for a 
first test of the theory developed. Based on the mathematically 
proven equivalence between the Steinmetz connection and a 
main and an auxiliary winding, the method can be implemented 
straightforward into existent induction motor design software 
and the motor can be optimized using single-phase motor 
procedures. Some of the most important particularities of a 
motor with a Steinmetz connection have also been discussed 
and some design recommendations have been given.

APPENDIX

The motor parameters used for transient simulation are 
specified in Table III.

TABLE III
MOTOR PARAMETERS FOR 240 V, 60 HZ SUPPLY
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