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Abstract— A new dual stator winding induction ma-
chine drive is described in this paper. The new ma-
chine consists of a squirrel cage induction motor hav-
ing two stator windings wound for 2 and 6 poles which
are simultaneously fed from two independent variable
frequency power supplies. The proposed drive offers
the advantage of simultaneously producing two inde-
pendent electromagnetic torques which can be con-
trolled to produce any desired combination of output
torque. Since each torque component is controlled by
an independent set of stator currents a minimum op-
erating frequency can be set for each stator winding
and still achieve exactly zero or near zero speed and
rated torque operation. This feature is specially im-
portant to minimize the negative impact of the stator
resistance influence at low speed operation. The drive
is well suited for either constant volts per Hz (V/f) or
field oriented (FO) operation.

The occurrence of circulating harmonic currents,
common to traditional dual stator machines, is com-
pletely eliminated by the dissimilar pole number in
each stator winding.

1. INTRODUCTION

The use of a common magnetic structure shared by two
sets of stator windings was first introduced in the late
1920’s as a means to increase the power capability of large
synchronous generators [1]. Since then, dual stator ma-
chines have been used in many other applications, ranging
from synchronous machines with AC and DC outputs [2]
and as current source inverters {3] to large pumps, com-
pressors and rolling mills driven by induction motors, to
name a few. They have also been used to improve the
reliability at the system level 4], [5].

Dual stator machines are normally constructed by
“splitting” the stator winding into two displaced but iden-
tical windings [6]. However, this results in mutual cou-
pling between the stators, causing circulating harmonic
currents [7] as well as coupling between the electromag-
netic torques produced by each stator winding [8]. This
means of splitting the winding is a major drawback be-
cause the circulating currents add extra stator losses and
demand larger semiconductor device ratings.

The dual stator winding induction machine proposed
in this paper differs from the “standard” dual stator ma-
chine in that the two stator windings are wound for a
dissimilar number of poles. This approach, in principle,
eliminates the net magnetic coupling between the stator
windings and decouples the torques produced by each set
of stator currents. Also, circulating harmonic currents,
due to the so-called mutual leakage coupling, are com-
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Fig. 1. Dual stator winding distributions.

pletely eliminated. Since the output torque corresponds
to the algebraic sum of two independent torques, the sta-
tor frequency is no longer determined uniquely by the
rotor speed and the slip frequency but also by the added
variable of a second torque component. From the per-
spective of control theory this adds one degree of freedom
to the system.

Additionally, by having two independent torque compo-
nents the low frequency operation, including stand still,
can be improved. This is particularly important for con-
stant volts per hertz operation at zero speed, where the in-
fluence of the stator resistance becomes dominant. In the
proposed machine zero speed operation does not translate
into zero excitation frequency, hence significantly reduc-
ing the influence of the Ir voltage drop.

I1I. DuUAL STaTOR WINDING IM DRIVE

The stator of the proposed machine is constructed by
dividing the original three phase winding into two sepa-
rate three phase windings wound for a dissimilar number
of poles. Any combination of dissimilar pole number 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 is a 2-6
pole combination. Such an arrangement is shown in Fig. 1.
From the perspective of magnetic material utilization it is
convenient to choose a pole number combination that, in
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Fig. 2. 6 pole peak MMF for constant total peak MMF.

the steady state, will tend to produce a nearly trapezoidal
MMF distribution. This type of distribution is most effi-
ciently obtained by choosing the number of poles in the
ratio 1:3. On the other hand, the magnetizing inductance
varies inversely proportional to the square of the number
of poles, hence a machine with a large number of poles
results in low power factor and reduced efficiency. In ad-
dition, to achieve a sinusoidal winding distribution the
stator winding must be distributed among several slots,
therefore, for a given stator inner diameter, the number
of slots per pole decreases in proportion to the number of
poles. Also, for a given rotor speed, the stator frequency
increases directly proportional to the number of poles.
This translates into additional losses, in the machine and
in the power converter, further reducing the efficiency. All
these factors suggest that the maximum number of poles
should be kept to a minimum, hence the hest combination
is to choose 2 and 6 poics.

The total MMF distribution in the airgap corresponds
to the sum of the MMF’s produced by each stator wind-
ing. To avoid the presence of highly saturated points and,
at the same time, fully utilize the magnetic core it is desir-
able to maintain the total peak flux density distribution
equal to that created by a two pole winding acting alone.

Figure 2 shows the peak magnitude of the 2 pole MMF,
as a function of the 6 pole peak MMF, for a constant
total peak MMF. The optimum distribution corresponds
to choosing a 6 pole MMF equal to approximately 40%
that of the 2 pole distribution. In this case the total MMF
and the 2 pole MMF have the same peak amplitude, thus
preserving the saturation level.

The rotor of the propused machine corresponds to that
of a standard squirrel cage type. This construction guar-
antees that both stator current distributions will sirmmulta-
neously couple with the rotor lux to produce the desired
torque.

Because of the decoupling effect produced by the dif-
ference in pole number, the proposed dual stator machine
behaves as two independent induction machines that are
mechanically coupled through the shaft. Therefore, all
the known control technigues used in induction machine
drives are also applicable to the dual stator winding ma-
chine. This includes both scalar constant volts per hertz
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Fig. 3. General control strategy.

(V/f) as well as vector control or field orientation (FO).
The basic control method is to generate two torque com-
mands such that combined they produce the required out-
put torque. By choosing adequate current commands
the two individual torques can be added or subtracted,
hence providing an extra handle to control the excitation
frequency. Two distinct modes of operation are consid-
cred: low speed where the two torques are subtracted and
medium to high speed, where the torques are added. This
is shown in Fig. 3.

A further discussion of the control method will be de-
layed until after a derivation of the machine model is con-
ducted and it will be presented in IV.

III. MACHINE MODEL

Given the particular characteristics of the machine con-
sidered in this study it is critical to clarify the interac-
tion between the actual rotor current distribution and the
MMTF produced by each stator winding. The interaction

]

'if any, between the currents in the two sets of stator wind-

ings must be studied as well. For this purpose a detailed,
yet simple, dynamic model of the machine will be devel-
oped. The coupled magnetic circuit theory and complex
space vector notation will be used through out the deriva-
tion. This technique is chosen because of its generality
and the great deal of simplification that is achieved. The
following general assumptions are made:

# negligible saturation,

+ uniform airgap,
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Fig. 4. Dual stator winding induction machine.

s stator windings sinusoidally distributed,
¢ no electrical interconnection between stators, and
¢ negligible inter-bar current

It is also assumed that the two stator windings are
wound for 2 and 6 poles respectively and that one stator is
displaced with respect to the other by a fix but arbitrary
angle £. The main stator (2 pole) will be referred to as
the wbe windings and the secondary stator, having 6 pules,
will be labeled as zyz windings. The rotor of the machine
is a standard squirrel cage type. The proposed dual stator
winding machine is schematically shown in Fig.4.

A. Stator Fluz

Since both stators are sinusoidally distributed in space
but wound for a different number of poles (and electri-
cally isolated) there is no mutual coupling due to main
Hux between them [9), [10]. 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 [8], [11].

The total flux linked by the stator windings and due
only to the stator currents i,qp. and i,zy, can be written,
in matrix form, as

Aaaabc _ Lal le? _isabc (1)
Aaszyz I_La21 LsZ lszyz
where )
Aau 'iua
Abss ibs
Auabc — )‘cu . isubc = E'c:s (2)
Asazyz T Azas | iszyz tas
Au.q.s L
z85 ] iz‘

L,; and L, represent the self inductance matrices of the
abe and zyz windings respectively. They are of the form:
[9]

Llsi + Lmai - L?u —Lawn

2
Ly=| ~faa L,+L,, -Llou (3)
—é“?‘i _£"2“£ Lisi + Lo

The magnetizing inductance Lm,; is known to be: [12]

Tpolr Ny 2
Lyei = g ( P ) (4)

where N,; is the total number of turns per phase of each
winding set and P is the number of poles. Ly,; represents
the total per-phase self leakage inductance of each winding
and it can be calculated by traditional methods |14], [15].

The sub-matrices L,12 and L,y; account for the mutual
leakage coupling between the two stator windings. In gen-
eral, the leakage flux can be divided into slot, end wind-
ing, 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 componenis wiil be neglected and it
will be assumed that they only contribute to the self leak-
age. Therefore, it will be assumed that only the slot and
end winding components contribute to the mutual leak-
age. Furthermore it will be assumed that the end winding
leakage varies as the slot leakage [8].

B. Slot Leakage Inductance

To study the mutual leakage term let us consider the
winding distributions shown in Fig.5. They correspond
to a} fractional pitch due to the displacement £ between
stators, 60° phase belt, and b) fractional pitch, 30° phase
belt. Note that, since the two set of windings have two
and six poles respectively, their pitch angles a; and ay are
in the ratio 6/2. In Fig. 5-a, defining p; and p; as the pitch
of the aebc and zyz windings respectively, for a variation
of £ between zero and 20° the corresponding pitch factors
vary as 8/9 < p; <1 and 2/3 < p; < L.

As shown by Alger [15] and Lipo [16], the slot leak-
age 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 leak-
age accounts for the leakage flux due to having conduc-
tors from different phases sharing common slots. In gen-
eral, for a two layer winding the self, {L,;,}, and mutual,
(Lsim), components of the slot leakage inductance cau Le
expressed, as a function of the pitch p, by

Lys = Lir + Lip + 2k.(p)laTB (5)

Lot 2= ken(p) i (6)

where L;r and L;g are the slot leakage inductances as-

sociated 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 vn winding pitch. The term L;pg repre-

sents the mutual inductance between coils in the top and

bottom halves of the slot. The quantities k; and k,, are

called slot factors and they correspond to proportionality
constants that depend on the pitch.

For the winding distribution of Fig. 5-a, the phase belt

slot leakage flux associated to phase a, when 8/9 < p; < 1,
is

Asta = (Lir1+LiB1)ias — Lirg1km1 (1) (fstics) (
+2LiTB2izs — (2 — km2(p2)) LirB2(42s+iys)
The equations applying to the remaining phases of the abe
winding can be found by symmetry and the corresponding
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Fig. 5. Winding distribution for a} fractional pitch and variable displacement angle £, 60° phase belt, b) fractional pitch and

variable displacement angle £, 30° phase belt.

slot leakage matrix inductance is

Liri+Ligs —Lirgikmi —Lirsrkm
Lan = | —Lirsikm1 Limi+Liex  —Lirerhmi
—Lirgikm1 —~LirBikmi  Lami+Lip:

8
1 kma—2 km2—2] ®)

+2LirB2 [ 1 knz~2 kma—2
ka -2 ka -2

A similar reasoning yields the slot leakage inductance ma-
trix of the zyz winding

—1 -1 -1
Loz = ~Lirps [1 +thme 14+kmy 14 kna ]
1+kne 14+ kyo 1+ kmpy

(9)
Li72 + Liga 0 0
+ 0 Liza + Iiga —3knaliras
0 ~3kmeLirez Lir2 + Lip2

The siot factor k,,; must be zero when p; = 1 and one

when py = 2/3. Hence when 2/3 < p; < 1

kmi = 3 — 3py (10)
Similarly, k.2 must be zero when p; = 1 and one when
p2 = 8/9. Hence when 8/9 < p; < 1

kmz =9- 9P2 (11)

If the winding distribution of Fig.5-b is considered in-
stead, the results are similar and the structure of (8) and
(9) remain unchanged [13].

Assuming that the end winding leakage behaves as the
glot leakage, the mutual inductance matrix L,;z is pro-
portional to the second term in (8). Clearly, the mutual
inductance matrix L,y; will be proportional to the first
term in (9).

Given the symmetric structure of the matrices L,;, and
L.2;: and assnming no nentral connection, it is apparent
that after applying the space vector definition

_A_.s!abc = % ()‘ala + QAalb + QzAslc) (12)
their contribution to the total flux vector will he zero.

This result is very important since it proves that both
stator windings are fully decoupled and the total Aux
linked by the stator windings can be written as

Agabe = Lygpisane + Lgr1ir (13)

for the primary winding and

Asn:yz = Lsziszyz 4 Ligpai, (14}
for the secondary winding. The matrices L,,; and L,,,
deseribe the mutual coupling between the stator and ro-
tor circuits and they can he determined using winding
functions [17]. As shown in [17], using complex vector
representation, the stator flux associated to the abc wind-
ing can be written as

Asabe = (Lisi+ 3 Lo )iy + 23REL, 009 (15)
where n is the number of rotor bars, d is 1/2 the angle

between rotor bars and the complex vector currents i,
and i., are defined by

isl = % (ias + aip, +Q2'ics) (16)
i
i,=2[18 8 - "] (17)
i”“n
with ¢ = /3 and p = e//", The vector

[t 'i-,-z""i,-n]T represents the instantaneous rotor cur-
rents defined according to Fig. 6.
A similar analysis for the zyz winding yields [13]

Asmyz = (LISQ + %LmaZ) igz

B (18)
+2“:!'V“TI_2 2 Lmsaed FOrH6-6){
where
ip= ;23 (‘iza +aiys + Ezizs) (19)
and
TEr'l
. 2 r £ E(ne1 tro
=2 [ 1 b7 b7 . QT(“ ) ] (20)
i?‘ﬂ

Note that because of the different number of poles con-
sidered in this case it is necessary to define a new rotor
current space vector i_,. The physical meaning of this
new definition can be understood by recognizing that the
equivalent electrical angle between adjacent rotor bars,
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Fig. 6. Rotor current definition.

referred to the P pole zyz winding, is now %9, instead of
@r. Also note thas the actual rotor bar currents in {17)
and (20) are the same.

Finally, the stator voltage equations for both stator
windings are obtained by differentiating the flux linkages
(15) and (18) and adding the resistive voltage drops. This
procedure yields

Va= Tsli_ﬂ + (Ll‘.sl + %Lmsl) Pi,1

i . L. (21)
+2:R’—1:116L"“163(9r+6) (p+ jwr) i
for the abe winding and
!az = r!2igz + (Liaz + %Lmsz) pisz
(22)

2nsin £§ ;B - . .
+ T Lin2e? 700 (p 4 R0 ) iy
for the zyz winding. The complex vector voltages v, and
¥V, are

Va1 = (Uaa + aves + Qz'ﬂcs)

(23)
VYoo = (U:s + 2Uys + szzs)

It is important to notice that the stator current i, de-
pends only on the applied voltage v,; and the rotor cur-
rent i,,. Similarly the current i,, depends only on the
applied voltage v,, and the rotor current i.,. This result
verifies the known tact that, for a sinusoidally distributed
winding, there only exists coupling between current dis-
tributions of the same number of poles.

C. Rotor Fluz

The rotor flux can be divided into three components,
one due to the rotor currents 1, and two due to the stator

currents isgp. and i,5y.. In matrix form

ir1
)\1'2 trz Tas i“
= Lr + Lrsl [iba] + Lra2 |:7:.y.tjl (24)
Tea Iz
Arn rn

In general, the complex vector representation of the ro-

tor flux is defined by the vector transformation
Ay
Ar2

wlv

A =21 pF pF2 . pECD ] (25)
Arn
where P is given by the number of poles of the stator
winding. Setting P = 2 in (25) and applying it to (24)
yields the rotor flux referred to the 2 pole stator winding.
If is clear that the first two terms of (24) correspond to
those of the single stator machine and they are given by
[17]

A, = (2Lb(1 ~cosay) + 2L, + %"a,) i,

I (26)
and
Ay = S L1 IO (27)

where L, and L, represent the bar and end-ring segment
inductance respectively and g is the airgap length.

The last term of (24) represents the contribution due
to the secondary stator winding currents. Following the
same technique, it can be shown that

2sin £4 ¥) £} . -1 (E41)
Ay = 5 Lmaa {78640 1, S0y 000
(28)
e —8)s —1,—(E—1)
temikOnto-t)y  $n-ly-(3 1):}

However, for P > 2, both summations in (28) are identi-
cally zero, hence A, ,, is identically zero, regardless of the
value of i,,, and the total rotor flux, in the 2 pole winding
subspace, corresponds to the sum of (26) and (27).

Finally, taking the time derivative of the rotor Aux vec-
tor and adding the resistive voltage drop gives the rotor
voltage equation in the subspace defined by the 2 pole
winding. This yields

Q = Trlirl + Lrlpirl
sind — (8 +6) Y {29)

+W'1Lmsle " (p_Jwr)!al
with rpy = 2R, + 2R3 {1 — cosa,).

A similar analysis for the P pole winding reveals that,
in this case, the contribution of the second term in (24)
is zero and the rotor voltage equation in the subspace
defined by the P pele winding is

0 =rpaley + Lrapi,,

6sin £4 Ly e

R p — jwr) iy
where r,2 represents the equivalent rotor resistance and
L,5 is the equivalent rotor inductance in the P pole sub-

space, yielding

30
maze 3 T (8- +6-6) ¢ (30)

rrz = 2R, + 21 [1 — cos (£ay)] {(31)
and P 1 P
Lyz = 2Ly [1 - cos (For)] + 2L + 22T (£a,)  (32)

Note that although the instantanevus rotor current dis-
tribution simultaneously contain two components of dif-
ferent frequencies and pole number, each stator field is
capable of interacting only with that part of the rotor
field with the “correct” number of poles. This is true
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Fig. 7. Complex vector model of the dual stator winding
squirrel cage induction machine.

not only in an average basis but also instantaneously. It
is well known that sinusoidally distributed windings only
couple with fields wound for the same number of poles,
however the rotor cage is clearly not a sinusoidal wind-
ing and one might expect that the presence of two su-
perimposed flux distributions would give rise to pulsating
torques. However, this is not the case for the proposed
dual stator winding machine. An equivalent circuit, using
d-g notation, is shown in Fig. 7

Neglecting saturation, the electromagnetic torque can
be expressed as the partial variation of the co-energy with
respect to position [9]

T 9 [L .

T. = [154e 15y, ] 0 [L::;] i (33)
which can be written as the separate sum of the torques
produced by each set of stator currents

L L
TE - fabc aagrl ‘1' +1i szyz 6895T2 if‘

Substituting the corresponding matrices and carrying out
the differentiation yields

(34)

T. = - (32§28) Ly Im{ /@40 13
(38) - (35)
3 9 +(§ 12 sin
+ eJ 4 3N, sind !82 "2}

where we have used P = 6. Since i,; and i,, are orthogo-
nal vectors the two torque components can be controlled
independently by the stator currents.

IV. TORQUE AND SPEED CONTROL

Since the proposed machine behaves as two indepen-
dent induction machines, mechanically coupled through
the shaft, all the known control technigues used in induc-
tion machine drives are also applicable to the dual stator
winding machine.

In general there are two distinct modes of operation,
the low speed (i.e., frequencies below a few hertz) and the
medium to high speed range. In the low speed range the
goal is to maintain the frequency of the 2 pole winding
above a minimum level (about 3 Hz} and the torque is

vz

Variable gain

Speed & Torque
estimale

Fig. 8. Proposed control scheme for constant V/f operation.

controlled by adjusting the frequency of the 6 pole wind-
ing. By keeping the frequency above this pre-set limit the
influence of the stator resistance is minimized, hence sim-
plifying the control. In this mode the two MMF’s rotate
asynchronously but because of the reduced frequency the
additional losses caused by saturation should be minimal.

In the medium to high speed range the negative effect
of the stator resistance is not a concern and the frequen-
cies are kept in the ratio 1:3. This constraint guarantees a
nearly trapezoidal flux distribution and the torque is con-
trolled by adjusting the magnitude of the applied voltages.
The trapezoidal shape, in turn, allows for slightly greater
two pole flux than when only the two pole winding is ex-
cited thereby producing slightly more torque per ampere.

A. Constant V/f Control

The operation and control will be explained with the
help of Fig.3. As shown in this figure there are two dif-
ferent operating modes. For high speed both sitators are
fed with voltages ol the same irequency. ‘This produces
the torque-speed curves of Fig.3-a. The output torque
for a given rotor speed corresponds to the algebraic sum
of the tarques T} and Ty proadiced hy each of the sta-
tor. The torque produced by each winding is controlled
by adjusting the magnitude of the stator voltages.

When both stators are fed with different frequencies the
result is that shown in Fig.3-b. By fixing the frequency
of one of the stators, say abe, the total output torque can
be adjusted by controlling the frequency (and voltage)
supplied to the zyz winding fa. In the case shown in
Fig.3-b an increase in torque requires an increase in f;
and vice versa. In this case one of the stator windings
(abc) operates in the motoring region while the other (zyz)
operates as a generalur. Note that this operating mode
corresponds to the one required to operate at zero speed
and that the torque can be controlled from zero to rated
value. A simplified block diagram of the proposed control
scheme is shown in Fig. 8.
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Fig. 9. Proposed control scheme for field oriented operation.

B. Vector Control

A simplified block diagram of the proposed control
scheme is given in Fig. 9. As in the constant V/f method
the veetor control is divided into two operating rogions:
a high speed range defined by frequencies above a mini-
mum frequency frin and a low speed range for frequencies
below fiuin. For the high speed region the proposed con-
trol method is quite straight forward dividing the output
torque among the two windings as tc yield similar stator
currents and a nearly trapezoidal lux distribution. In the
low speed range a negative torque command is given to
the secondary winding hence increasing the torque pro-
duced by the primary winding which yields an increased
stator frequency. The goal is to maintain the primary
stator frequency at a constant value equal t0 finip-

V. SIMULATION RESULTS

To prove the correctness of the complex space vector
model of the dual stator machine a complete set of simu-
lations has been carried out. The results from the space
vectar maodel are compared to those nhtained from a full
matrix model of the machine. Fig.10 shows both set of
results superimposed. It is clear that both simulations
are identical hence proving the validity of the complex
vector model. As shown in Fig. 10 the rotor currents cou-
tain two different frequencies dictated by the frequency of
each of the stator currents and the 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 char-
acteristic of the stator windings, they do not give rise to
harmonic torqucs.

Simulation results using the control techniques pro-
posed in the previous section are shown in figures 11 and
12, hence proving the feasibility of the method.

V1. EXPERIMENTAL RESULTS

A 5 Hp prototype is currently under construction and
the experimental results will be reported shortly.
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VII. CONCLUSIONS

A new type of dual stator winding induction machine
has been presented. The most relevant characteristic
of the new machine is that the two stator windings are
wound for a dissimilar number of poles. This feature
vields two independent torques that can be controlled as
desired to produce the net output torque. In addition, the
problem of high circulating harmonic currents common to
dual stator induction drives is also eliminated. The ma-
chine is especially well suited for both constant V/f and
sensorless FQ control.

By implementing an adequate torque control scheme it
is possible to operate at stand still and, at the same time,
limit the minimum frequency at which the 2 pole stator
winding operates. This is an important feature since it
reduces the impact of the stator resistance voltage drop at
low frequencies and greatly simplifies the implementation
of sensorless control algorithms.
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