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Abstract—A new dual stator winding induction machine drive
is described in this paper. The proposed induction machine
consists of a standard squirrel-cage rotor and a stator with two
separate windings wound for a dissimilar number of poles. Each
stator winding is fed from an independent variable-frequency
variable-voltage inverter. The proposed drive offers such advantages as speed sensorless operation, better reliability, and more
flexibility to manipulate the resultant torque–speed curve of the
motor. In the proposed drive, zero-speed operation is achieved by
independently controlling the two sets of stator currents, hence,
maintaining a minimum electrical frequency independent of the
mechanical speed. This feature is especially important to minimize
the negative impact of the stator resistance influence at low-speed
operation and it greatly simplifies the implementation of speed
sensorless control schemes. The drive is well suited for either constant volts per hertz or field-oriented (FO) operation. Circulating
harmonic currents, common to most dual stator machines, are
eliminated by the dissimilar pole number in each stator winding.
Index Terms—Dual stator, field orientation, induction machine,
low speed, sensorless, volts per hertz.

I. INTRODUCTION

B

ROADLY speaking, from the point of view of the stator
winding, dual stator machines can be categorized as “splitwound” and “self-cascaded.”
The split-wound machine was introduced in the 1920s as a
means of increasing the total power capability of large synchronous generators [1]. Since then, they have been used in
many other applications ranging from synchronous machines
with ac and dc outputs [2], as part of uninterrupted power supplies (UPSs) [3] and as current-source inverters [4] to large
pumps, compressors, and rolling mills. Split-wound machines
made it possible to extend the power range of solid-state-based
drives beyond the power capability of a single inverter and,
more recently, new multilevel topologies have been introduced
as well [5]. Additionally, due to the inherent redundancy, it is
claimed that the system exhibits a better reliability [6]–[8]. In a
split-wound machine, the stator winding consists of two similar
but separate three-phase windings wound for the same number
of poles. Both stators are fed with the same frequency and the
rotor is a standard squirrel cage. The two stator windings are
mutually coupled and small unbalances in the supplied voltages
generate circulating currents. Furthermore, because of the low
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impedance to harmonic currents there is a high level of circulating currents when a nonsinusoidal voltage source supply is
used [9], adding losses and demanding larger semiconductor device ratings.
The self-cascaded machine, also known as the brushless
doubly-fed machine (BDFM), was first successfully introduced
by Hunt in 1907 [10]. In order to incorporate the effects of
a cascade connection, the BDFM requires a special rotor
structure formed by several “nested” loops [11]. This results
in a cumbersome “semi-cage”-like structure that does not lend
itself for diecasting. Additionally, achieving the necessary
insulation between rotor bars and stack remains a major
technical challenge [12], [13]. This increases the cost and it
constitutes one of the main drawbacks of the machine. In the
past, BDFMs found some application in systems requiring low
speed and where robustness and reliability were essential assets
[11]. More recently, BDFMs have attracted renewed interest
for narrow speed range applications [14], [15]. The speed is
controlled by the secondary winding which only handles the
slip power. For applications requiring a full speed range, the
converter must be rated at full power and the advantage is lost.
In addition, because of the cascade connection, the efficiency
is inherently low and this system is not widely used.
The dual stator winding induction machine (DSIM) drive proposed here differs from other types of dual stator machines in
that the two stator windings are wound for a dissimilar number
of poles and the rotor is a standard diecast squirrel cage, the total
kilovoltampere inverter rating is similar to that of a single stator
machine, and it provides torque/speed control over a wide range.
The drive offers such advantages as speed sensorless operation,
better reliability, and full utilization of the stator windings at all
times to produce useful torque. Since there is no winding reconnection of any sort the system can provide a fast dynamic
response. Circulating harmonic currents due to mutual leakage
coupling between the stator windings is eliminated by using a
symmetric winding.
II. DUAL STATOR WINDING IM DRIVE
The proposed induction machine consists of a standard
diecast squirrel-cage rotor and a stator with two separate windings wound for a dissimilar number of poles (e.g., 2/6 or 4/12).
Any combination of dissimilar pole numbers could be used,
however to better utilize the magnetic material, avoid localized
saturation, and additional stator losses, it is found that the most
advantageous configuration should have a pole ratio 1 : 3. Each
stator winding is fed from an independent variable-frequency
variable-voltage inverter, sharing a common dc-bus. Fig. 1
shows the main components of the proposed DSIM drive.
To avoid deep saturation, the peak magnetic loading produced
by the combined effect of the two stator MMFs must be similar
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Fig. 1.
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Dual stator winding induction machine drive (DSIM).

(a)

Fig. 3. Measured flux density distribution for the DSIM (top: stator currents;
bottom: air gap flux density).

(b)
Fig. 2. Normalized flux density distributions for the DSIM. (a) Air gap. (b)
Stator yoke.

to that of an equivalent single stator winding design. To maintain the saturation level in the stator teeth the peak air-gap flux
density must be maintained. At the same time, to maintain the
loading of the stator yoke, the peak flux density per pole must
be identical in both the dual stator and single stator designs. Neglecting space harmonics, this is accomplished by choosing [16]

(1)
,
, and
are the peak air-gap flux densities
where
produced by an equivalent single stator, the four-pole, and the
12-pole stator windings, respectively. This yields the spatial
flux-density distributions of Fig. 2. The measured air-gap flux
density for the prototype machine, under locked-rotor condition,
is presented in Fig. 3; also included in this figure are the terminal
currents of both windings. It is verified that the peak amplitudes
of both waveforms are 1 pu. It is also important to point out that,
although the peak magnetic field in the stator is the same in both
cases, the DSIM is less saturated with the exception of the point
at which the peak occurs. Thus, it is expected that the iron losses
in the yoke of the DSIM should be reduced. The rotor of the
DSIM is a standard squirrel cage, which guarantees that both
stator current distributions will simultaneously couple with the
rotor flux to produce the desired torque.

Because of the decoupling effect produced by windings with
dissimilar pole number, the DSIM behaves as two independent
induction machines mechanically coupled through the shaft.
Therefore, for a given operating condition, the stator frequency
is determined by the combination of the rotor speed, slip
frequency, and the added variable of a second torque component. This feature is advantageous to implement simpler speed
sensorless schemes.
The stator frequency of the low-pole number winding can
be boosted by applying a controlled amount of torque with the
high-pole number winding, hence limiting the minimum electrical frequency in the low-pole number winding to a predetermined value. This reduces the impact of the stator resistance
voltage drop in the stator voltage measurement and simplifies
the estimation of the rotor flux vector. This is especially important at zero speed, where the normal induction machine becomes unobservable. In the DSIM, zero-speed operation does
not translate into zero excitation frequency, making the system
observable at all speeds. Two distinct operating modes are considered: synchronous operation, where the two frequencies fed
to the machine are in the same ratio as the pole number, and
asynchronous operation, where the frequency in the low-pole
number winding is held constant at a minimum value. This is
shown in Fig. 4. A detailed discussion of the control scheme is
presented in Section IV.
III. MACHINE MODEL
Analyses of induction motors are routinely carried out
by replacing the squirrel cage by an equivalent sinusoidally
distributed winding. This is done under the assumption that
high-order space harmonics can be neglected. Given the particular characteristics of the machine considered in this study,
having two simultaneous MMFs distributions that move in space
with respect to each other and to the rotor bars, it is critical
to clarify the interaction between the instantaneous rotor bar
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(a)

Fig. 5. DSIM windings distribution.

(b)
Fig. 4. General control strategy. (a) Synchronuos operation. (b) Asynchronous
operation.

between the windings is 1 : 3, the only common harmonics are
those of triple order, but, in the absence of a neutral connection,
triple harmonics are eliminated. Thus, even if real windings are
considered, there will be no mutual coupling due to space harmonics. However, since both windings share common slots and
are in close proximity, there is a common leakage flux linking
them. This gives rise to the so-called mutual leakage coupling
[3], [19].
The total flux linked by the stator windings and due only to the
and
can be written, in matrix form, as
stator currents
(2)

currents and the stator MMFs, as well as the possible interaction
between the two stator windings. For this purpose, a detailed, yet
simple, dynamic model of the machine was developed. Coupled
magnetic circuit theory and complex space-vector notation
is used throughout the derivation. This technique was chosen
because of its generality and the great deal of simplification that
is achieved. The following general assumptions are made:
• negligible saturation;
• uniform air gap;
• stator windings sinusoidally distributed;
• no electrical interconnection between stators;
• negligible inter-bar current.
It is also assumed that the two stator windings are wound for
two and poles, respectively, and that one stator is displaced
with respect to the other by a fixed but arbitrary angle . The
and the high-pole
low-pole number winding is referred to as
. The rotor is a standard squirrel cage.
number winding as
The windings and rotor of the DSIM are schematically shown
in Fig. 5.

where

(3)

and
and

represent the self-inductance matrices of the
windings respectively. They are of the form

The winding self-magnetizing inductance
[17]

(4)
is known to be

A. Stator Flux
If the stator windings are sinusoidally distributed in space but
wound for a dissimilar number of poles, there is no mutual coupling between them [17], [18]. Real distributed windings, on
the other hand, will produce space harmonics. If the pole ratio

(5)
is the effective number of turns of each sinusoidally
where
distributed winding, and the total per-phase magnetizing induc-
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(a)

(b)
Fig. 6. Winding distribution for (a) fractional pitch and variable displacement angle  , 60 phase belt. (b) Fractional pitch and variable displacement angle  ,

30 phase belt.

tance is
. The winding self-leakage inductance
is calculated by traditional methods [20], [21].
and
account for the mutual
The submatrices
leakage coupling between the two stator windings. In general,
the leakage flux can be divided into slot, end winding, belt, and
zig-zag components, and each one of them will contribute to the
self- and mutual leakage inductance. For simplicity, however,
the mutual leakage due to the zig-zag and belt leakage components will be neglected and it will be assumed that they only
contribute to the self-leakage. Therefore, it will be assumed
that only the slot and end winding components contribute to
the mutual leakage. Furthermore, it will be assumed that the
end winding leakage varies as the slot leakage [19].

winding pitch. The term
represents the mutual inductance
between coils in the top and bottom halves of the slot. The quanand
are called slot factors and they correspond to
tities
proportionality constants that depend on the pitch.
For the winding distribution of Fig. 6(a), the phase belt slot
, is
leakage flux associated to phase , when

(8)
The equations applying to the remaining phases of the
winding can be found by symmetry and the corresponding slot
leakage matrix inductance is

B. Slot Leakage Inductance
To study the mutual leakage term, let us consider the winding
distributions shown in Fig. 6. They correspond to fractional
phase belt
pitch due to the displacement between stators,
phase belt [Fig. 6(b)]. It
[Fig. 6(a)] and fractional pitch,
should be noted that, because of the pole number, the pitch
and
are different. As shown by
factors of each winding
Alger [21] and Lipo [22], the slot leakage can be divided into
self-leakage and mutual leakage. The self-leakage represents
that part of the flux produced by the in-phase current component (i.e., slots with coil sides belonging to the same phase).
The mutual leakage accounts for the leakage flux due to having
conductors from different phases sharing common slots. In a
and mutual
, components
two-layer winding the self
of the slot leakage inductance can be expressed as a function of
the pitch as
(6)
(7)
and
are the slot leakage inductances associwhere
ated to the coils in the top and bottom halves of the slots. They
are calculated for the case of unity pitch and do not depend on

(9)
Similarly, for the xyz winding,

(10)
If the winding distribution of Fig. 6(b) is considered instead,
the results are similar and the structure of (9) and (10) remain
unchanged [16].
Assuming that the end-winding leakage behaves as the slot
is proportional to
leakage, the mutual inductance matrix
the second term in (9). Clearly, the mutual inductance matrix
will be proportional to the first term in (10).
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A similar analysis for the

winding yields [16]

(17)
where
(18)
and

..
.
Fig. 7. Rotor current definition.

Given the symmetric structure of these matrices and assuming no neutral connection, it is apparent that after applying
the space-vector definition
(11)
their contribution to the total flux vector will be zero.
This result is very important since it proves that both stator
windings are fully decoupled and the total flux linked by the
stator windings can be written as

Note that, because of the different number of poles considered
in this case, it is necessary to define a new rotor current space
vector . The physical meaning of this new definition can be
understood by recognizing that the equivalent electrical angle
between adjacent rotor bars, referred to the -pole winding,
instead of . Also note that the instantaneous
is now
rotor bar currents in (16) and (19) are the same.
Finally, the two stator voltage equations are obtained by differentiating the flux linkages (14) and (17) and adding the resistive voltage drops, yielding

(12)
for the

winding and

(19)

(20)
for the

winding and

(13)
and
describe the
for the xyz winding. The matrices
mutual coupling between the stator and rotor circuits and they
can be found using winding functions [23]. The resultant stator
flux associated with the abc winding is given by [23]
(21)
for the

winding, with

and

given by

(14)
where is the number of rotor bars, is the angle between rotor
and
are defined by
bars, and the complex vector currents
(22)
(15)

..
.

(16)

and
. The vector
with
represents the instantaneous rotor currents defined according to
Fig. 7.

depends only
It is important to notice that the stator current
and the rotor current . Similarly,
on the applied voltage
depends only on the applied voltage
and the
the current
rotor current . This result verifies the known fact that, for a
sinusoidally distributed winding, there only exists coupling between current distributions of the same number of poles. It should
also be pointed out that, for a distributed winding, the number of
turns used in the foregoing equations corresponds to the effective
number of turns (i.e., they include the winding factors).
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Fig. 8. Complex vector model of the dual stator winding squirrel-cage
induction machine.

C. Rotor Flux
The rotor flux can be divided into three components, one due
to the rotor currents and two due to the stator currents
and
. In matrix form,

..
.

(23)

..
.

The complex vector representation of the rotor flux is defined
by the vector transformation

(24)

Fig. 9. Full matrix and complex vector model simulation results for a free
acceleration run at 60 Hz (f
180 Hz). Complex vector and full matrix model
traces are superimposed.

where is given by the number of poles of the stator winding.
in (24) and applying it to (25) yields the rotor
Setting
winding.
flux referred to the
It is clear that the first two terms of (23) correspond to those
of a single stator machine, thus [23]

Evaluating (27) for
results in both summations being identically zero regardless of the value of , hence, the total rotor
flux, in the subspace, corresponds to the sum of (25) and (26).
Finally, taking the time derivative of the rotor flux vector and
adding the resistive voltage drop yields the rotor voltage equation in the subspace defined by

..
.

=

(25)

and
(26)

(28)
.
with
A similar analysis for the -pole winding reveals that, in this
case, the contribution of the second term in (23) is zero, hence,
is
the rotor equation in the subspace defined by

and
represent the bar and end-ring segment inducwhere
tance respectively and is the air-gap length.
The last term of (23) represents the contribution due to the
currents. Following the same technique, it can be shown that
(29)
represents the equivalent rotor resistance and
where
the equivalent rotor inductance in the new subspace
(27)

is

(30)
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Fig. 10.
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Proposed control scheme using constant volts per hertz (V/Hz) mode.

Substituting the corresponding matrices and carrying out the
differentiation yields

and

(31)
Note that although the instantaneous rotor current distribution contains two frequency components, each stator field is capable of interacting only with that part of the rotor field with the
“correct” number of poles. This is true not only in an average
basis, but also instantaneously. It is well known that sinusoidally
distributed windings only couple with fields of equal number of
poles, however, the rotor cage is clearly not a sinusoidal winding
and one might expect that the presence of two superimposed flux
distributions would give rise to pulsating torques. However, this
is not the case for the DSIM. An equivalent circuit, using –
notation, is shown in Fig. 8.
Neglecting saturation, the electromagnetic torque can be expressed as the partial variation of the co-energy with respect to
position [17]

(32)

Im

(33)

and
are orthogonal vectors, each torque compoSince
nent can be controlled independently. This is a key feature of
the proposed drive. To validate the complex space-vector model
of the DSIM, a complete set of simulations was carried out. The
results from the space-vector model were compared to those obtained from a full matrix model of the machine. Fig. 9 shows
both set of results superimposed. Clearly, both simulations are
identical, thus validating the complex vector model developed.
As shown in Fig. 9, the rotor currents contain two frequencies
dictated by the frequency of each of the stator currents and the
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Proposed control scheme using indirect field orientation.

rotor mechanical speed. Although the rotor currents simultaneously produce two field distributions that rotate at different
speeds, because of the different number of poles and the sinusoidal characteristic of the stator windings, they do not give rise
to harmonic torques.
IV. TORQUE AND SPEED CONTROL
The DSIM behaves as two independent induction machines,
mechanically coupled through the shaft. Therefore, all known
control techniques used in induction motor drives are also applicable to the DSIM. However, because of the common magnetic structure some additional consideration must be given to
maintain the correct flux level.

Two distinct operating modes are defined: synchronous operation where the stator frequencies are in the same ratio as
the pole number and asynchronous operation where the frequency in the low-pole number winding is kept constant at a
minimum value ( 2.5 Hz), regardless of the mechanical speed.
This mode is used to achieve zero-speed operation. In this case,
the two stator MMFs move asynchronously and the resultant
flux distribution is distorted, causing localized saturation. However, because of the low frequency, the additional losses are
negligible. During synchronous operation, both MMFs move
synchronously and the resultant air-gap flux distribution corresponds to that shown in Fig. 3. The goal of the control technique
is to always maintain the stator frequency at or above a minimum value, regardless of the mechanical speed. This enables
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the use of simple straightforward speed/flux estimation algorithms for sensorless operation.
A. Constant V/Hz
The operation and control will be explained using Fig. 4.
As shown, there are two operating modes. For high speed,
both stators are fed with voltages of the same frequency (i.e.,
synchronous mode). This produces the torque–speed curves of
Fig. 4(a), which have been exaggerated for clarity. The output
torque for a given rotor speed corresponds to the algebraic sum
of the torques and . The torque produced by each winding
is controlled by adjusting the magnitude of the stator voltages.
When the mechanical speed demands a frequency below the
winding is fixed and
minimum value, the frequency of the
the output torque is adjusted by controlling the frequency (and
winding. This corresponds to the
voltage) supplied to the
asynchronous mode and is shown in Fig. 4(b). In this case, one
of the stator windings ( ) operates in the motoring region
) operates as a generator. Note that this opwhile the other (
erating mode corresponds to the one required to operate at zero
speed and that the torque can be controlled from zero to rated
value. A block diagram of the proposed control scheme is shown
in Fig. 10. To maintain the correct magnetic loading in the synvoltages is
chronous mode, the relative phase angle of the
adjusted by the feedback loop shown. During asynchronous operation, this loop is deactivated.
B. Vector Control
The proposed control scheme is shown in Fig. 11. There are
two operating modes: a high speed range defined by frequen(synchronous mode) and
cies above a minimum frequency
a low speed range for frequencies below (asynchronous mode).
In the synchronous mode, a standard indirect field orientation
based on the slip relation is used. The estimated torque procurrents,
, is subtracted off the external
duced by the
to produce the torque command for the
torque command
winding
. The slip frequency
is computed using the
, and torque producing,
,
commanded flux producing,
current components. To maintain the correct flux orientation
of the low-pole number winding, the commanded torque prois computed using the inverse of the slip reducing current
lation.
For low-speed operation (i.e., asynchronous mode) the comis clamped at
. This fremanded frequency
quency, together with the rotor speed, defines the slip frequency
. To maintain
used to compute the torque-producing current
is
the orientation of the rotor flux, the vector rotation angle
. Since this
computed as the integral of the input frequency
operating mode forces the low-pole winding to produce a torque
in excess of that of the load, the extra torque is compensated by
an equal and opposite torque produced by the high-pole number
winding.

Fig. 12.

Constant V/Hz operation at standstill.

prove the feasibility of the concept and clearly show the operation at zero speed and no-load while keeping the stator frequency at or above the minimum frequency.
VI. EXPERIMENTAL RESULTS
The experimental work was carried out using a 3-kW prototype wound for a 4/12-pole combination. A six-leg inverter
with a 300-V dc bus was used. The control software was implemented in a Motorola 56000 DSP and the rotor position was
estimated by integrating the terminal voltages. Zero-speed operation using constant V/Hz and indirect field orientation are
shown in Figs. 14 and 15. The response in both cases is excellent, showing a very stable and accurate operation.

V. SIMULATION RESULTS

VII. CONCLUSIONS

Simulation results using the control techniques proposed in
the previous section are shown in Figs. 12 and 13. The results

A new type of dual stator winding induction machine has been
presented. The proposed DSIM has a standard squirrel-cage rotor
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Fig. 15. Indirect field orientation in asynchronous mode. From top: phase-a
current, phase-x current, load torque, and speed.

Fig. 13.

Direct field orientation during asynchronous operation.

and two stator windings wound for a dissimilar number of poles.
The main advantage of the drive is its improved capability to operate at low and zero speeds, maintaining relatively high stator
frequencies. This feature is particularly useful for implementation of speed sensorless schemes and it adds a new degree of flexibility to standard control methods currently used in ac drives.
Two control schemes have been proposed, simulated, and tested
using a prototype, showing very good performance. The DSIM
is especially well suited for both scalar constant V/Hz and vector
control.
A detailed design of the DSIM and performance comparison with a standard induction machine is reported in a separate
paper, which is to be published.
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