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Modeling and Analysis of a Wide-Speed-Range
Induction Motor Drive Based on
Electronic Pole Changing
Mohamed Osama, Member, IEEE, and Thomas A. Lipo, Fellow, IEEE

Abstract— It has been previously demonstrated that an induction machine drive with contactorless pole changing can be
achieved by reversing current directions of certain stator coil
groups. This paper compares the power and torque capability
of this drive with conventional four-pole and two-pole induction
machine drives. Based on the technique of vector space decomposition, the machine coupled-circuit model is transformed to
a reference frame model. As a result of this transformation,
the coupled coil group variables can be replaced by equivalent
decoupled four-pole and two-pole dq 0 variables. This reference
frame model facilitates the analysis and control of the machine
drive, especially during transients, such as the pole-changing
transition.

(a)

Index Terms—Electronic pole changing, reference frame model,
induction motor.

I. INTRODUCTION

S

EVERAL applications, such as electric vehicles and spindle drives, require a drive capable of both high torque at
low speeds and a wide constant-horsepower speed range (4
or 5 to 1). Previous approaches to meet these requirements
either needed winding connection switching devices, oversizing of the machine and/or inverter, or modifying the machine
magnetic structure design. Switching devices, which can be
either a magnetic contactor or solid-state switches, degrade
the drive dynamic performance and present an additional
cost. Space constraints in certain drives make oversizing
the machine nonfeasible, while oversizing the inverter is
uneconomical. Modifying the machine magnetic structure to
decrease the leakage inductance and, hence, increase the speed
range, usually results in deterioration of certain other machine
performance criteria [1], [2].
The concept of “electronic” pole changing between two
pole numbers with an integer pole number ratio was initially
suggested by Eichhofer et al. [3]. Further analysis of the
technique of independently controlling the different coil group
currents in a three-phase winding has been recently disclosed
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(b)
Fig. 1. Proposed induction machine drive. (a) Stator-winding distribution.
(b) Inverter topology.

[4]. Based on this concept, a previous paper [5] reports a
control scheme to extend the speed range for constant power
operation of a four-pole induction machine. The proposed
drive operates as a four-pole machine from zero speed until the
end of its constant power range (3600 r/min for 2 pu overload
torque capability). The constant-power speed range is extended
by employing “electronic” pole changing to obtain two-pole
operation. Due to flux canceling and poor winding utilization
in two-pole operation, the standard 60 phase-belt statorwinding distribution is not employed in this drive. Fig. 1(a)
shows the proposed drive stator-winding distribution which is
a full-pitch double-layer 120 phase belt. The two coil groups
per phase are connected separately, resulting in a six-terminal
stator (1–6). As illustrated by Fig. 1(b), a six-leg inverter is
needed to supply this machine. A coil group set consists of
three coil groups belonging to three different phases, thus,
coil groups 1, 4, and 5 form coil group set 1, while coil group
set 2 consists of coil groups 2, 3, and 6. The number of poles
of the machine is changed by merely reversing the direction
(polarity) of the currents of one coil group set with respect to
the currents of the other, as defined in Table I.
In this paper, the proposed drive capability is compared
to conventional drives. A reference frame model for the sixcoil-group machine is also derived. This model is utilized
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TABLE I
COIL GROUPS CURRENT REFERENCES ACCORDING TO MODE OF OPERATION

in analysis and control of the proposed induction machine
drive.
II. POWER CAPABILITY COMPARISON

Fig. 2. Rated output power ratio for different machine ratings.

For the same magnetic structure, a 36- or 48-slot four-pole
stator with conventional (60 phase belt) winding distribution,
has a winding factor 1.15 times that in case of 120 phasebelt winding distribution. As a consequence, a 15% increase
in the magnetizing component of the stator current is needed
in a 120 phase-belt machine to maintain the same airgap
flux density as a 60 phase-belt machine. By decomposing
the stator current
into two components that are in time
quadrature, the steady-state output power of an induction
machine can be expressed as [6]
(1)
where
rotor speed (mech. r/s);
number of poles;
magnetizing inductance;
rotor self inductance (referred to stator);
flux component of stator current (A rms);
torque component of stator current (A rms).
From (1), the steady-state output power ratio between the
proposed drive and conventional machines can be calculated
at any operating point. Fig. 2 shows this power ratio at the
same rated conditions (four-pole 60–Hz supply, rated flux
density and current) as a function of the machine rating using
data obtained from [7]. As demonstrated by the figure, the
rated output power ratio approaches the winding factor ratio
as the machine rating increases due
to the decrease in the per unit magnetizing current. In the
following analysis, the proposed drive capability curves are
evaluated for ratings of at least 100 hp, where the rated output
power ratio is approximately 85%.
Fig. 3 shows the output power capabilities of the proposed
induction machine drive, conventional four-pole and two-pole
machines, all having the same outer dimensions and a 2-pu
overload torque capability. The capability curves constraints
are rated current throughout the operating range and the upper
bound of the airgap flux density, yoke flux density and voltage
being their rated values. The constant power range for the
conventional four-pole machine ends at its slip limit (3600
r/min). Above that speed, constant power operation cannot be
maintained; the current and, hence, the power has to decrease,

Fig. 3. Power capability comparison between proposed induction machine
drive and conventional four-pole and two-pole machines having the same
outer dimensions.

and the torque varies as the inverse of speed squared, as
depicted in Fig. 3.
The steady-state peak per-phase airgap voltage can be
defined as
(2)
where
supply angular frequency (elec. r/s);
winding factor;
total number of series turns per phase;
total airgap surface area;
average airgap flux density.
The ratio between the winding factors for two-pole and
four-pole connections of 120 phase-belt winding is
Thus, for the same magnetic structure and airgap flux
density, the yoke flux density and airgap voltage for two-pole
operation are 2 times and 0.8 times that of four-pole operation,
respectively. Accordingly, when the mode of operation of the
proposed drive changes (at 3600 r/min) from four-pole to twopole, the applied voltage (hence, the power) has to drop by
20% for the core flux density not to exceed its rated value.
In this case, as the speed is increased, the drive is operated
in a constant torque mode until the rated voltage and power
values are restored and, then, constant power operation is
resumed. Though the proposed drive is derated (with respect
to conventional machines) by about 15%, it has 70% more
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torque capability than conventional two-pole machine drives
at the lower speed range (below 1800 r/min) and maintains
constant power and higher torque than the conventional fourpole machine drive at the higher speed range (4500–7200
r/min).
The need for twelve semiconductor devices instead of six
(each rated at half the power rating of a three-leg inverter
switch used for a conventional drive with the same rating) can
be considered a disadvantage, but it could be noted that costing
strategies of device manufacturers result in nearly the same
cost for a given voltage and total voltampere rating regardless
of the number of devices used. Hence, only a modest cost
penalty is incurred (due to additional gate drive and control
circuitry) by the use of a higher number of devices. Moreover,
there are certain applications at higher power levels which
already require twelve power semiconductor devices (each
two devices connected in either series or parallel to form one
switch).

In order to obtain a closed-form coupled-circuit inductance
expression, each stator coil group winding function is expanded as a Fourier series. Taking into account the dominant
harmonics only, an approximate closed-form expression of all
six coil groups winding functions can be written as

III. INDUCTION MACHINE MODEL
A. Coupled Circuit Model
The six-stator coil group three-phase machine can be modeled in the actual physical (rather than the transformed – )
variables using the multiple coupled-circuit approach [8]. With
each coupled circuit representing a coil group, the induction
machine model equations in vector-matrix form are

(9)

(5)

Though a coupled-circuit model is satisfactory for simulation purposes, the existence of cross-coupling terms and
trigonometric nonlinearities makes it too laborious for analysis
of the induction machine drive behavior and subsequent control of its performance. Thus, a reference frame model for the
six-stator coupled-circuit three-phase machine is needed and
is derived in this paper based on the concept of vector-space
decomposition.

(6)

B. Vector-Space Decomposition

(7)

The conventional three-phase induction machine has three
independent currents (in general), thus, it is modeled in a threedimensional vector space defined by the transformation vectors
Similarly, the six-coil group machine is modeled
in a six-dimensional vector space defined by six orthogonal
transformation vectors. This vector space can be decomposed
into four subspaces, as will be shown in this section. By
utilizing the stator-winding representation of (9) and assuming
a sinusoidal excitation with the phase angles equal to the
spatial angles of the windings corresponding to them, the
following basis vector is obtained:

(3)
(4)

where

and
are diagonal matrices with their elements being
stator and rotor coupled circuits resistances, respectively.
Defining the winding function
as the MMF spatial
distribution for 1 A of current [9], the mutual inductance
between any two windings can be expressed in terms of their
winding functions as

(10)
(8)
where
outer radius of rotor or inner radius of stator;
axial length of the machine;
airgap length;
angular position along the stator inner surface (mech.
rad).

where
The six transformation vectors are generated from the
vector-space basis as follows.
• Setting
attains the first subspace
which
is the surface spanned by the spatial fundamental component (two-pole). Two orthogonal vectors
and
are chosen in this subspace by setting
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reference frame transformation matrix:

respectively in (10):

(11)

• The second subspace
is the surface spanned by
the spatial second harmonic component (four-pole) which
is obtained by setting
Two orthogonal vectors
and
are selected from this subspace by setting
and
, respectively:

(12)

• The two remaining basis vectors are the zero vectors
orthogonal to the
two-pole and four-pole planes. Since
the third harmonic and its multiples are zero-sequence
components, the two one-dimensional (1-D) subspaces
and
are obtained by setting
and
, respectively. One vector is selected from the collinear
vectors spanning each subspace by choosing
(to have equal vector norms for all basis vectors). The
two zero vectors are

(13)
from
to
in all four subspaces and
By varying
calculating the inner products between them, it can be proven
that all four surfaces are mutually orthogonal and, thus, the six
basis vectors spanning them are also all mutually orthogonal.
These six vectors
define a stationary

(14)
A more generalized transformation would express the machine variables in an arbitrary rotating reference frame. Such
a reference frame would be rotating at a mechanical angular
velocity of
The mechanical angular displacement of the
reference frame
is chosen with respect
to coil group 1 magnetic axis. For the two-pole surface,
the mechanical and electrical angles are equal, thus, the two
vectors and
would rotate at an electrical angle
On the other hand, for the four-pole plane, the electrical angle
is twice the mechanical angle, so
and
vectors rotate at
an electrical angle
Hence, the four-pole
plane
(subspace) rotates at twice the electrical velocity of the twopole plane;
The two zero vectors are independent of
the reference frame angular displacement. The stator coil group
variables are transformed to a vector space in the arbitrary
rotating reference frame as shown in (15), shown at the bottom
of the page, where can represent either voltage, current, flux
linkage, or electric charge, “ ” is the abbreviation of cosine,
“ ” is the abbreviation of sine, and and are the electrical
angular displacement of the two-pole and four-pole subspaces
(planes), respectively, with respect to coil group 1 magnetic
axis.
A similar transformation of the rotor variables to a vector space in the arbitrary rotating reference frame can be
accomplished by
(16)

(15)
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with a change
and replaced

2) Electromagnetic Torque: In the case of no neutral connections, the machine electromagnetic torque expression is
deduced to be

to
1) Voltage Equations: Applying the transformation
both sides of the stator coupled-circuit voltages (3) results in

(21)

Each element in
in the arguments,
by

is the same as in
replaced by

C. Reference Frame Model

(17)
Equation (17) can be expanded to obtain the stator voltage
equations in arbitrary reference frame variables:

(18)
The transformed stator flux linkages are defined as
(19)

Equation (21) shows that the resultant machine torque is the
superposition of two components, one due to the interaction of
four-pole currents and fluxes and the second due the interaction
of two-pole currents and fluxes. The interaction between fourpole and two-pole currents and fluxes does not produce any
torque. This is partly due to the choice of the harmonic
equivalent windings on the rotor as being stationary with
respect to each other. This assumption is possible for the
proposed drive, since the two-pole supply frequency is half
the four-pole supply frequency, resulting in the four-pole and
two-pole fields traveling at the same speed in space. Equation
(21) is not valid for conventional line-supply contactor-based
pole changing, where there is a pulsating torque component
resulting from the interaction of the four-pole field with the
two-pole field.
3) Radial Electromagnetic Force: While a combination of
two- and four-pole fields does not interact to produce torque,
radial forces are a concern. Chapman [11] has shown that
two flux waves differing by two poles around the whole rotor
periphery produce an unbalanced magnetic pull. Based on
the reference frame model and applying the principle of virtual displacement, the radial electromagnetic force orthogonal
components are

where
(22a)
(22b)
By carrying out the transformations for the coupled-circuits
inductances, (19) reduces to

(20)
where

where

is the winding function for reference frame variable .
With the absence of neutral connections, the two orthogonal components of the radial electromagnetic force can be
expressed in terms of airgap flux linkage as
(23a)
(23b)

Equation (20) shows that there is no mutual inductance between the four-pole and two-pole equivalent windings.
By applying the transformation
to (5) and (6), expressions analogous to (18) and (20) are obtained for the rotor
voltage and flux linkage equations in the arbitrary rotating
reference frame.

where

Note that the and directions (hence,
and
are rotating
with a rotational angle
in space (since they are attached to
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the reference frame). The stationary horizontal and vertical
components of the net radial force are
(24)
IV. RESULTS
During the pole-changing transition, the buildup and decay
of the four-pole and two-pole variables will not be instantaneous, but governed by their respective time constants.
Consequently, a rotor flux transient exists, leading to a torque
transient even if current regulation is maintained during the
transition. The torque transient affects the electric drive speed,
with the value of speed change determined by the motor
and load inertia. As demonstrated by (23), the coexistence of
four-pole and two-pole airgap fields during the pole-changing
transition will also lead to a nonzero net radial force. This
radial force transient will be detrimental to the motor bearings.
Conventional bearings are not designed to withstand radial
forces, and repeated transitions could significantly shorten their
life span. In this section, the proposed drive performance during the pole-switching transition is investigated experimentally
and using digital simulations.
For the experimental setup, a 4-kW induction machine is rewound to have the 120 phase-belt winding distribution shown
in Fig. 1(a). The measured per-phase parameters for both fourpole and two-pole connections are listed in the Appendix. The
machine is supplied from a six-leg CRPWM voltage-source
inverter, the topology of which is shown in Fig. 1(b). Current
regulation, as well as slip frequency control, is implemented
using a MOTOROLA DSP56000 microprocessor. The digital
simulations are based on the reference frame model derived in
Section III, with the same parameters and operating conditions
as the experimental setup.
Two different pole-changing transition schemes are compared in this paper. The first scheme is a step change in
the reference frame current commands. The second transition
scheme involves a ramp change in the current commands,
where there is an overlap time during which
and
ramp down while
and
ramp up for four-to-twopole transition and vice versa for two-to-four-pole transition.
The slip frequency and current amplitude are kept constant
throughout the operating range for both transition schemes.
The electrical supply angles are chosen as
(25)
where

is the slip angle (elec. rad), since

A. Step Transition
Fig. 4 shows the simulation results for the four-to-twopole switching transition in the case of a step change in the
reference frame current commands for a load torque of 1.4
N m. The four-pole plane airgap flux linkage
decays
exponentially at a rate governed by the four-pole mode rotor
open-circuit time constant
ms , while the two-pole

Fig. 4. Simulation results for pole-switching transition in the case of step
change in stator-supply pole number.

Fig. 5. Experimental results. Coil groups 1 and 2 currents during
pole-switching transition in the case of step change in stator-supply pole
number.

plane airgap flux linkage
builds up according to the twopole mode rotor open-circuit time constant
The interaction of these two field components results in a radial
force vector rotating with an angle
and an amplitude
It is also clear from the figure that a step
transition results in a large torque transient that even reaches a
negative value. Figs. 5 and 6 present the experimental results
in the case of a step transition. For the same slip frequency and
current magnitude, four-pole operation has a higher back EMF,
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Fig. 6. Experimental results. Torque during pole-switching transition in the
case of step change in stator-supply pole number.

Fig. 8. Experimental results. Coil groups 1 and 2 currents during
pole-switching transition in the case of ramp change in stator-supply pole
number.

Fig. 9. Experimental results. Torque during pole-switching transition in the
case of ramp change in stator-supply pole number.

ramp transition are presented in Figs. 8 and 9, where the
torque trace shows an improvement over the case of a step
transition (Fig. 6) and matches the simulation results of Fig. 7.
The choice of 0.6 s overlap time is based on comparing the
drive pole-switching performance for different overlap time
values. A shorter overlap time led to a larger torque transient,
while elongating the overlap time beyond 0.6 s had minimal
improvement on the transient response.
V. OTHER ELECTRONIC POLE-CHANGE DRIVES
Fig. 7. Simulation results for pole-switching transition in the case of ramp
change in stator-supply pole number.

resulting in current overmodulation, which does not exist in
two-pole operation for this operating point. Comparing the
torque transient of Fig. 6 to the simulation results (Fig. 4)
shows close correlation with the exception of the initial decay
rate.
B. Ramp Transition
Fig. 7 shows the simulation results for the pole-switching
transition in the case of a ramp change in the reference
frame current commands with an overlap time of 0.6 s. It
is clear from the figure that this overlap time results in
elongating the period during which
and
decay and
rise, respectively, leading to a decrease in the torque transient.
Meanwhile, the ramp transition profile has negligible effect on
the radial force vector amplitude, but it extends the duration
of the radial force transient. The experimental results for

The main disadvantage of the four/two-pole drive (existence
of net radial forces) is eliminated in the case of any other
drive with an integer pole number ratio, even during the
pole-changing transition. By utilizing the same drive topology
as the four/two-pole drive and changing the stator-winding
distribution, any electronic pole-change drive with a pole
number ratio of two can be achieved. The formulation of the
induction machine model in this case can be attained by the
same approach as in Section III. Based on the same principle,
an eight/four-pole induction motor drive is currently being
developed for an electric vehicle application by Meidensha
Corporation [13].
By the appropriate stator-winding distribution, a polechanging drive with three modes of operation (e.g.,
eight/four/two) can be theoretically attained. This drive would
need 18 or 24 semiconductor switches without an increase in
the total rating of the inverter. Due to the poor utilization of
the magnetic circuit in at least one out of the three operation
modes, the gain (if any) in the constant-power-speed-range
capability is minimal in such a drive.
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Based on the same winding distribution as that of a singlewinding brushless doubly fed machine [14], [15], a six/twopole drive can be realized. This drive would need two three-leg
inverters, each operating during one mode only and, thus, the
total inverter rating would be twice the machine rating.
VI. CONCLUSIONS
This paper presented an analysis and modeling of an induction motor drive that is based on electronic pole changing.
The reference frame model derived specifically for this drive
generates the same simulation results as previously obtained
using a coupled-circuits model, with the advantage of having
decoupled four-pole and two-pole
variables, making it
more suitable for analysis and control. Moreover, the viability
of this model was proven by correlating its results to those
obtained from the laboratory experiment. Two pole-changing
transition schemes were compared. A ramp transition has the
advantage of a lower torque transient than a step transition, but
the duration of the resulting radial force transient is extended.

MACHINE

APPENDIX
PARAMETERS USED IN THE EXPERIMENT
AND SIMULATION STUDIES
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