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Sensor-less Speed and Flux Control of Dual Stator
Winding Induction Motors Based on Super Twisting

Sliding Mode Control
Mojtaba Ayaz Khoshhava , Hossein Abootorabi Zarchi , and Gholamreza Arab Markadeh

Abstract—This paper proposes a direct speed and flux control
system for Dual Stator Winding Induction Machines (DSWIMs)
based on Super Twisting Sliding Mode Control (STSMC). The
proposed nonlinear controller which has finite time convergence
of error to zero, is designed such that the Lyapunov stability condi-
tion is satisfied. Furthermore, a novel torque-sharing algorithm is
introduced for DSWIMs. This algorithm enables them to operate
in a wide speed region, including zero speed, such that the required
electromagnetic torque is supplied by two winding sets based on
their power ratings. In addition, a Sliding Mode Control (SMC)
based full order observer is proposed for DSWIMs. This observer,
which is able to estimate the winding fluxes, flux angles and rotor
speed with high-accuracy, guarantees the optimal flux condition.
The functionality of the proposed sensor-less DSWIM drive scheme
is evaluated through some experimental tests performed on a
3.3 kW DSP-based DSWIM drive system. The experimental results
confirm the effectiveness of the proposed control method, torque
sharing algorithm and the full order observer in various speed
regions.

Index Terms—Dual stator winding induction machines
(DSWIMs), super twisting sliding mode controller (STSMC),
sliding mode full order observer, torque sharing algorithm.

NOMENCLATURE

V,I and λ Voltage, Current and Flux
ΦDC DC machine flux
pi Number of poles of the ith winding set
θi The flux angle of each winding set respect to

the A winding axis of the ABC winding set
ωs and ωr Synchronous speed and Rotor speed
Bgi The amplitude of the flux density of the ith

winding set
Bgt Total air-gap flux density
δ The relative angle between the flux densities of

the stator winding sets
Rsi Stator resistance of the ith winding
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Rri Rotor resistance respect to the ith winding
Lri Rotor self-inductance respect to the ith winding
Lmi Magnetizing inductance of the ith winding
Lsi Stator self-inductance of the ith winding
J Moment of inertia
Tei,TL and TR Electromagnetic torque produced by the ith

winding set, the total load and the resistive load
torques

Subscripts

s and r Stator and rotor
i = 1 and 2 ABC and XYZ

Superscripts

hate Estimated parameters
prime Rotor parameters referred to stator
star Reference parameters

I. INTRODUCTION

THE interest in dual winding induction machines due to
their superiorities over single winding machines, has sig-

nificantly increased in recent years. These advantages can be
addressed as higher redundancy, broader range of operation and
higher power rating. According to their rotor structure, these
machines are categorized into two principal groups: nested loop
and squirrel cage [1]. The nested loop rotor structure involves
high fabrication costs and it is adapted in Brushless Doubly
Fed Induction Machines (BDIFMs) which have two sets of
three phase windings with different pole pairs in their stator
[2]. Although BDFMs have narrow operation speed region,
they have been adapted for various motoring and generating
applications [3]. The second group can be further branded into
two categories which are similar pole pairs (split-wound) and
dissimilar pole pairs (Dual Stator Winding Induction Machines
(DSWIMs)). The split-wound machines adapt standard squirrel
cage rotors and their stator has two sets of similar pole three
phases windings. Due to the adaptation of a similar pole pair
arrangement for stator winding sets, there exists direct coupling
between stator windings of these machines. Thus, small voltage
unbalances can result in high circulating currents [4].

DSWIMs have been first introduced in 1998 [5]. The rotor
of these sorts of dual winding induction machines is similar to
that of split-wound machines; however, their stator winding sets
have been wound for unequal pole pairs. This structure results in
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completely independent operation of winding sets. Some of the
advantages of DSWIMs over other sorts of induction machines
can be enumerated as [6]:
� Simpler structure and lower fabrication costs in compari-

son to BDFIMs.
� In contrast to split wound machines, in case of voltage

unbalance, there is no circulating current between the two
winding sets.

� Wider operating speed region compared to BDFIMs.
� Improved control in flux weakening region in comparison

to Single Winding Induction Machines (SWIMs).
� The capability of working in zero and very low speed

operation regions deprived of the controllability difficulties
exists in SWIMs. This advantage makes DSWIMs excel-
lent candidate for sensor-less applications.

According to the above-mentioned advantages, DSWIM can
be adapted for various motoring and generating applications.
As the operation of winding sets are completely independent
of each other, they can be adapted as generators to generate
different voltage levels [23]–[24]. As DSWIMs has virtuous
performance in a wide speed region including very low and zero
speed region, they can be appropriate candidates for adapting in
motoring applications, which require high controllability in this
operation region such as elevators and electrical vehicles.

Already the scalar and Indirect Field Oriented Control (IFOC)
methods has been proposed for DSWIMs [7]–[13]. The other
family of control strategies for induction machines is the Direct
Torque and flux control (DTC). DTC is free of current control
loops and has faster dynamic response in comparison to other
control strategies. Moreover, it is easy to implement in various
IM drive system, especially sensor-less schemes. Despite these
advantages, classic DTC involves some drawbacks as large
torque, flux, and current ripple, producing acoustical noise,
including nonzero steady-state torque error, complications in
controlling the flux at low speeds, and variable switching fre-
quency [15]. One of the most promising methods to overcome
these disadvantages is the implementation of Variable Structure
Control (VSC) methods [25]. The VSC is an effective control
method for nonlinear systems with uncertainties. The advan-
tages of VSC can be enumerated as being a high- frequency
switching control strategy, robustness against parameter varia-
tions and other disturbances and fast dynamic response. One of
the most promising VSC schemes is the Sliding Mode Controller
(SMC). The advantages of SMC are the simple implementation,
disturbance rejection, robustness, having fixed switching fre-
quency and fast dynamic response [15]. Nevertheless, it involves
chattering and its stabilization time may be infinite. To overcome
these drawbacks, the PI-SMC has been proposed in [14] in a
DTC DSWIM drive system. However, in this method a discrete
control action is necessary, which needs to apply high switching
frequency to the inverter. In addition, the implementation of PI
controller decreases the speed of dynamic response.

In this paper, the Super Twisting Sliding Mode Controller
(STSMC) is proposed for direct speed and flux control of
DSWIMs. STSMC is an advanced theory in the SMC design
and its effectiveness has been proven for electromagnetic sys-
tems [26]. Unlike other Second Order Sliding Mode (SOSM)

controllers, STSMC is applicable to a system (in general with
any order) where the control appears in the first derivative of the
sliding variable [27]. The most significant advantage of STSMC
is that it is free of the time derivative of the sliding surface (dS/dt).
STSMC does not have a discrete output and mitigates the chat-
tering, while the advantages of SMC in the static and dynamic
performance are preserved. Other advantages of STSMC are
robustness against various internal and external disturbances and
model uncertainties, having finite-time convergence, relatively
simple control laws, lower torque ripple and THD in comparison
to PI-SMC and requiring only the information of the output
(sliding variables) [27]. In addition, implementing this controller
guarantees the Lyapunov stability condition. The key novelties
and unique characteristics of the DSWIM drive system proposed
in this article are listed as follows:

1) Implementing the STSMC method for DSWIM direct
Speed and flux control. The proposed control system
guarantees the Lyapunov stability condition. Besides, it
has finite time convergence of error to zero.

2) Introducing an innovative torque-sharing algorithm,
which prevents windings from overloading in various
operating conditions and enables the drive system to ap-
propriately control the rotor speed in the zero speed region.

3) This drive system is free of position and speed sensors.
This is achieved through a Sliding Mode Observer (SMO).
On contrast to other sensor-less methods proposed for
DSWIM to date, this method is free of exact machine
parameters information and it is robust against parameters
variations.

4) The proposed drive system guarantees for optimal flux
condition free of speed or position sensors in the syn-
chronous operation mode and enables the convenient flux
estimation in the various operation conditions.

II. DSWIM MODELING

As stated in the previous section, in a DSWIM there is no
coupling between the two winding sets. Thus, a DSWIM can be
considered as two independent three-phase induction machines
coupled via a common shaft. Consequently, the d-q equivalent
electrical model of a DSWIM is as Fig. 1 [7].

The air-gap flux in a DSWIM is sum of the air-gap fluxes
produced by each of the winding sets. Consider a DSWIM with
two pole and six pole windings combination. The total air-gap
flux density equals [16]:

Bgt = Bg1 cos (θ) +Bg2 cos (3θ + δ) (1)

In [11] it is declared that keeping δ at 180o results in optimal
iron utilization. If it is supposed that the control system guaran-
tees the optimal condition for δ, the following assumptions are
made in the stator flux reference frame:{

λqs1 = 0
λds1 = λs1

(2)

{
λqs2 = 0
λds2 = −λs2

(3)
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Fig. 1. DSWIM equivalent electrical model.

According to the above assumptions and Fig. 1, the stator and
rotor voltage equations for the ABC winding set are as follows:

Vds1 = Rs1Ids1 +
dλs1

dt
(4)

Vqs1 = Rs1Iqs1 + ω1λs1 (5)

V ′
dr1 = R′

r1I
′
dr1 +

dλ′
dr1

dt
− (ω1 − ωr)λ

′
qr1 = 0 (6)

V ′
qr1 = R′

r1I
′
qr1 +

dλ′
qr1

dt
+ (ω1 − ωr)λ

′
dr1 = 0 (7)

Where:

λds1 = Ls1Ids1 + Lm1I
′
dr1 = λs1 (8)

λqs1 = Ls1Iqs1 + Lm1I
′
qr1 = 0 (9)

λ′
dr1 = Lm1Ids1 + L′

r1I
′
dr1 (10)

λ′
qr1 = Lm1Iqs1 + L′

r1I
′
qr1 =

[
Lm1 − L′

r1Ls1

Lm1

]
Iqs1 (11)

Likewise, the voltage equations for the XYZ winding set are
as follows:

Vds2 = Rs2Ids2 − dλs2

dt
(12)

Vqs2 = Rs2Iqs2 − ω2λs2 (13)

Fig. 2. Proposed DSWIM drive system.

V ′
dr2 = R′

r2I
′
dr2 +

dλ′
dr2

dt
− (ω2 − ωr)λ

′
qr2 = 0 (14)

V ′
qr2 = R′

r2I
′
qr2 +

dλ′
qr2

dt
+ (ω2 − ωr)λ

′
dr2 = 0 (15)

Where:

λds2 = Ls2Ids2 + Lm2I
′
dr2 = −λs2 (16)

λqs2 = Ls2Iqs2 + Lm2I
′
qr2 = 0 (17)

λ′
dr2 = Lm2Ids2 + L′

r2I
′
dr2 (18)

λ′
qr2 = Lm2Iqs2 + L′

r2I
′
qr2 =

[
Lm2 − L′

r2Ls2

Lm2

]
Iqs2 (19)

The electromagnetic torque produced by the ABC and XYZ
winding sets are calculated as (20) and (21), respectively.

Te1 =
3

4
P1Iqs1λs1 = k1Iqs1λs1 (20)

Te2 = −3

4
P2Iqs2λs2 = −k2Iqs2λs2 (21)

The electromagnetic torque of a DSWIM is sum of the electro-
magnetic torques produced by each winding set. Consequently,
the mechanical equation is as follows:

Te1 + Te2 − TL = J
dωr

dt
+Bωr (22)

III. PROPOSED DSWIM DRIVE SYSTEM

The proposed DSWIM drive system is depicted in Fig. 2. As
illustrated, in this system, the measured voltages and currents
are transferred to the αβ form by the Clark Transformation.
Based on the transferred voltages and currents, the SMC based
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Fig. 3. The block-diagram of the proposed STSMC.

full order observer, estimates the windings fluxes magnitudes,
the rotor speed, θ̂1 and θ̂2. After that, the STSMC determines
the reference values for the d-axis voltages of ABC and XYZ
winding sets and the reference value of the q-axis voltage for the
ABC winding set based on the errors of the winding fluxes and
rotor speed. The proposed torque-sharing algorithm according to
the load torque, the reference speed and the determined q-axis
reference voltage of the ABC winding set, fixes the value of
the q-axis voltage for the XYZ winding set. Along with the
reference d-axis and q-axis voltages, the SVM blocks determine
the appropriate switching commands for the Voltage Source
Inverters (VSIs), which supply the stator winding sets.

A. Super Twisting Sliding Mode Controller

The proposed STSMC block diagram is shown in Fig. 3. This
controller is designed such the Lyapunov stability condition is
guaranteed. The sliding surface vector (S) is defined as:

S =
[
s1 s2 s3

]T
=
[
ω∗
r − ωr λ∗

s1 − λs1 λ∗
s2 − λs2

]T
(23)

Consider the Lyapunov function as (24):

W =
1

2
STS (24)

As W is positive definite, if it is proved that Ẇ = ST dS
dt < 0,

the stability of the control system will be guaranteed. Consid-
ering the reference stator fluxes change step-wisely, from (23)
and (4-22), the derivate of the sliding vector is calculated as:

dS

dt
=

⎡
⎣ ω̇∗

r − 1
J (Te1 + Te2 −Bωr − TL)
−(Vds1 −Rs1Ids1)
(Vds2 −Rs2Ids2)

⎤
⎦ (25)

The torque-sharing algorithm determines a linear relation
between the electromagnetic torques of winding sets as Te1 =
kTTe2. Accordingly, from (5) and (20), (25) is rewritten as:

dS

dt
=

⎡
⎣ ω̇∗

r − 1
J ((1 + kT )k1

(Vqs1−ωsλs1

Rs1

)
λs1 −Bωr − TL)

−(Vds1 −Rs1Ids1)
(Vds2 −Rs2Ids2)

⎤
⎦

(26)

Defining the control input vector asU = [Vqs1 Vds1 Vds2 ]
T ,

one can rewrite (26) as (27).

dS

dt
= F +DU +ΔC (27)

Where, D and F are defined as (28) and (29), respectively. In
(27), ΔC is added due to unknown stator resistance, moment of
inertia and viscosity. Thus, it is calculated as (30).

D =

⎡
⎣ − 1

J ((1 + kT )k1(
λs1

Rs1
)

0
0

0
−1
0

0
0
1

⎤
⎦ (28)

F =

⎡
⎣ ω̇∗

r − 1
J ((1 + kT )k1

(−ωsλ2
s1

Rs1

)−Bωr − TL)

Rs1Ids1
−Rs2Ids2

⎤
⎦ (29)

ΔC =

⎡
⎣ΔBω̂r +ΔTload + x

ΔRs1Ids1
ΔRs2Ids2

⎤
⎦ (30)

In (28-30), nominal parameters are adapted to calculated
F, D and ΔC. The Δ sign before each parameter shows the
uncertainty in that parameter and x equals:

x = (1 + kT )k1ωsλ
2
s1

×
(

ΔJRs1 + JΔRs1 +ΔJΔRs1

JRs1(JRs1 +ΔJRs1 + JΔRs1 +ΔJΔRs1)

)
(31)

If U is defined as U = −D−1[F + U ∗
C ] , the Lyapunov sta-

bility condition could be satisfied. Since, U ∗
C equals:

U ∗
C =

∫
Asign(S) +B |S|1/2sign(S) +Gsign(S) (32)

In (30), sign(S) stands for the sign function and A, B and G
are the control gain matrices and they are defined as:

A =

⎡
⎣a11 a12 a13
a21 a22 a23
a31 a32 a33

⎤
⎦ , B =

[
b1 b2 b3

]T
, G =

[
g1 g2 g3

]T
According to (27), (32) and the definition of U, (27) is

rewritten as:

dS

dt
= −

⎡
⎣∫ Asign(S) +B |S|

1/2
sign(S) +Gsign(S)

⎤
⎦

+ΔC (33)

Thus, the derivate of the proposed Lyapunov function will be:

Ẇ = ST dS

dt

= −ST

⎡
⎣∫ Asign(S) +B |S|

1/2
sign(S) +Gsign(S)

⎤
⎦

+ STΔC (34)
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Fig. 4. The proposed torque sharing algorithm flowchart.

As a result, by selecting any positive value for aij and bi,
the first two terms are negative definite. If G|S| > STΔC , the
Lyapunov stability is confirmed for the control system. Thus, G
is selected as:

G =

⎡
⎣ g1g2
g3

⎤
⎦ =

⎡
⎣ΔBmaxωrmax +ΔTLmax + xmax

ΔRs1maxIds1max

ΔRs2maxIds2max

⎤
⎦ (35)

Where, the subscribe max stands for the maximum value of
each parameter.

B. Torque Sharing Algorithm

The torque sharing algorithm flowchart is illustrated in Fig. 4.
As it is shown, there are two modes of operation for DSWIMs:
the synchronous and the asynchronous modes.

a) Synchronous mode: in the synchronous operation mode,
both winding sets cooperate to supply the load torque and the
supply frequency of them has a ratio equal to their pole pair
ratio. Thus, their synchronous speed is equal to each other.
In this mode, the reference speed is above a minimum value
(ωrmin) and the torque is shared between winding sets based
on their nominal power. This way, no over-loading occurs for
winding sets. Substituting Iqs1 from (4) into (20), the reference
electromagnetic torque for ABC winding set is calculated as:

T ∗
e1 = k1

(
V ∗
qs1 − ωsλ

∗
s1

Rs1

)
λ∗
s1 (36)

Considering a linear relation between the electromagnetic
torques of winding sets as Te1 = kTTe2 , the reference value
for the q-axis voltage of the XYZ winding set equals:

V ∗
qs2 =

Rs2

k2kTλ∗
s2

T ∗
e1 + ωsλ

∗
s2 (37)

As the DSWIM under study has the stator winding sets with
2850W and 500W rated powers, the torque-sharing factor (kT)
is 5.7.

b) Asynchronous mode: in this mode of operation the fre-
quency of the ABC winding set is clamped to a minimum value

(ωrmin = 5π rad). As a result, the electromagnetic torque pro-
duced by this winding set excess the load torque. Consequently,
the XYZ winding set must compensate for this additional torque
and operates in the generating operation mode. From (9), Iqs1
could be calculated as:

Iqs1 =
−Lm1

Ls1
I ′qr1 (38)

Consistent with (15) and assuming dλ′
qr1

dt = 0 in the steady-
state condition, I ′qr1can be calculated as:

I ′qr1 =
−ωslλ

′
dr1

R′
r1

(39)

Where ωsl = ωrmin − ω∗
r. Substituting (39) into (38) and

neglecting the leakage flux, Iqs1 is approximately:

Iqs1 ≈ Lm1

Ls1

ωslλds1

R′
r1

(40)

According to (40) and (20), the reference electromagnetic
torque for the ABC winding set and the reference q-axis voltage
for this winding set are calculated as (41) and (42), respectively.

T ∗
e1 = k1

Lm1

Ls1

ωslλ
∗
s1

R′
r1

λ∗
s1 (41)

V ∗
qs1 = Rs1

Lm1

Ls1

ωslλ
∗
s1

R′
r1

+ ωrminλ
∗
s1 (42)

According to the above discussions and considering dω∗
r

dt = 0
in this mode of operation, the reference electromagnetic torque
for the XYZ winding set is determined as:

T ∗
e2 = −T ∗

e1 + Tload +Bω∗
r (43)

The q-axis reference voltage for XYZ winding set equals:

V ∗
qs2 = Rs2

T ∗
e2

k2λ∗
s2

+ ωs2λ
∗
s2 (44)

The proposed torque-sharing algorithm is straightforward and
has just one decision factor (the reference speed) and two cal-
culation steps. Thus, it is easy to implement. The only difficulty
in the experimental implementation is that it requires the load
torque information. However, its exact value is not necessary and
the ΔC matrix will compensate for the possible disturbances in
the load torque value.

IV. SLIDING MODE FULL ORDER OBSERVER

One of the most important concerns in drive systems is speed
and position sensors elimination. Generally, sensor-less control
schemes result in high reliable, better noise immune and cost-
effective drive systems. DSWIM sensor-less control has been
addressed in some references [13] and [20]–[22]. In [20] the
position and speed sensor elimination has been realized through
the Direct Calculation Method (DCM). This method is based on
rotor flux estimation. The simplicity and small computational
time are the main advantages of this method. However, it is very
sensitive to machine parameters especially the stator resistance.
Moreover, it requires ideal integral and actual stator voltages, the
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measurement of which due to the PWM and the influence of dead
time is very difficult. Accordingly, its accuracy is low, especially
in very low speed region. The Model Reference Adaptive System
(MRAS) is adapted for speed estimation of DSWIMs in [13],
[21] and [22]. The MRAS based speed estimation methods are
easy to implement and their adaptation speed is high. Even
though, their implementation requires the exact machine pa-
rameters and they are sensitive to machine parameters variation.
Accordingly, the machine parameters variation highly influences
their accuracy.

One of the most promising types of sensor-less observers in
IM control systems are Sliding Mode Observers (SMOs) which
have significant superiorities over other Observers, such as ro-
bust performance against un-modeled dynamics and parameters
variations, disturbance rejection and fast dynamic response [17].
SMOs are variable structure control systems and commonly they
estimate some state variables (flux and current) based on the
measured terminal parameters (voltages and currents).

In general, a SMO can be implemented in various reference
frames. Typically, SMOs adapt IM models in a single frame
and they estimate the stator flux, in the first step. After that,
the rotor flux and the stator current are estimated and finally
the rotor speed is calculated. Consequently, the estimated speed
may involve uncertainties due to the aggregated errors, noise
and delays. Since this imprecise speed is fed backed to the
pervious observation steps, the total accuracy of the observer
is deteriorated. In [18] it is declared that the application of two
reference frames for stator flux and rotor speed independent
estimation, can resolve this difficulty. In this paper, a full order
SMO is implemented that adapts two reference frames: station-
ary reference frame and the rotor flux reference frame. This
observer is able to estimate the rotor speed, stator winding fluxes
and stator fluxes orientation angles.

A. Stator Fluxes Estimation

The stator flux of the ith winding set is estimated in the
stationary reference frame as:

dλ̂si

dt
= −Rsiîsi + Ui + (γi1 + jγ′

i1ω
∗
r) sign(isi − îsi)

(45)
In (45) the stator winding currents are estimated as:

îsi =
L′

riλ̂si − Lmiλ̂ri

L2
δi

(46)

Where, λ̂ri stands for the estimated rotor flux in the stationary
reference frame and it is calculated as:

λ̂ri =
Lriλ̂si − L2

δiisi
Lmi

(47)

Consequently, following equations (45) to (47), the stator
winding fluxes can be conveniently estimated independent of
the rotor speed.

B. Flux Angle Determination

The block-diagram of the proposed flux angle determination
technique is shown in Fig. 5. Consistent with the torque-sharing

Fig. 5. The proposed flux angle determination technique.

algorithm, two operation modes are also considered for this part
of the DSWIM drive system: synchronous and asynchronous.

a) Synchronous mode: in this mode of operation, switches
SW1 and SW2 connect their output to their upper side of their
input. As previously stated, the optimal iron utilization in a
DSWIM occurs if the winding fluxes be synchronized and their
relative position (δ) be 180o [6]. In [11] this condition is guar-
anteed through optimal reference frame angle determination.
In this paper, a similar process is implemented for flux angle
determination in the synchronous mode. As it is illustrated, in
this method the flux angle of the ABC is determined first. This
angle is multiplied by the pole pair ratio of the winding sets to
guarantee the flux synchronization. In the next step, the optimal
relative position is assured through a Proportional Integral (PI)
controller. The output of this controller is shown by θcorrect in
Fig. 5. The ABC winding flux orientation angle is determined
as:

θ̂1 = tan−1

(
λ̂sβ1

λ̂sα1

)
(48)

As a result, the XYZ winding flux orientation angle is calcu-
lated as (49).

θ̂2 =
p2
p1

θ̂1 + θcorrect (49)

b) Asynchronous mode: in the asynchronous mode SW1 and
SW2, connect their output to their lower input and the frequency
of the ABC winding set is fixed to ωmin. Thus, θ̂1equals:

θ̂1 =

∫
ωmindt (50)

In this mode of operation, the synchronization of winding
fluxes is lost. Accordingly, θ̂2 is independently calculated as:

θ̂2 = tan−1

(
λ̂sβ2

λ̂sα2

)
(51)

C. Rotor Speed Estimation

Since the winding sets of a DSWIM share a common rotor,
the rotor speed can be estimated according to each them. In this
paper, the rotor speed estimation is done according to the ABC
winding set. The rotor speed can be calculated as the difference
between the synchronous speed and the slip speed.

ω̂r = ω̂s − ω̂slip (52)
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Fig. 6. Experimental test bench.

Where, ω̂slip is the slip speed and it is determined as (53).

ω̂slip =
2Rr1T̂e1

3P λ̂2
r1

(53)

In (53), T̂e1stands for the estimated electromagnetic torque
produced by the ABC winding set and it equals:

T̂e1 =
3P1

2

(
λ̂sd1isq1 − λ̂sq1isd1

)
(54)

The synchronous speed is estimated adapting a discrete form
as follows:

ω̂s =
λ̂rd1(k − 1)λ̂rq1(k)− λ̂rq1(k − 1)λ̂rd1(k)

Tsλ̂
2
r1

(55)

In (55) k and k-1 stand for the present and the previous
samples, respectively and Ts represents the sampling period
duration.

V. RESULTS

The performance of the proposed DSWIM drive system is
evaluated through some experimental tests. Fig. 6 illustrates the
experimental test bench. In this figure, Power Winding (PW) and
Control Winding (CW) stand for the ABC and XYZ winding sets,
respectively. The DSWIM under study is a 3.3kW laboratory
prototype. Table I shows the nominal parameters of this machine
and its detailed specifications are given in [19]. In this system, a
DC generator supplying a resistive load is adapted as a load for
the DSWIM. The modular drive system includes two voltage
source inverters supplying the PW and the CW. In addition,
the phase currents of the winding sets are measured through
their corresponding current sensor boards, each of which include
three LEM LTS-6- NP current sensors. A common voltage
sensor board is adapted for the two winding sets. This board

TABLE I
DSWIM NOMINAL VALUES AND PARAMETERS [19]

is comprised of four LEM LV-25-P sensors. Indeed, the voltage
measurement is based on the symmetrical operation. Two line
voltages of each winding set is measured and the third one is
calculated based on the two others. As illustrated in Fig. 6,
this drive system is also provided with a low-pass second order
analog filter, through which the output signals of the current
sensors and the voltage sensors are passed. The key module of
this drive system is the Digital Signal Processor (DSP) board that
is of the type TMS320F28335. This board is the interface among
various modules of the drive system and sends the appropriate
switching commands to the inverter boards according to the
measured signals and the programmed control scheme.

Fig. 7 illustrates the experimental results. Fig. 7(a) depicts
the ABC winding estimated flux when its reference varies step-
wisely at t = 2s, while the estimated flux of the XYZ winding set
is shown in Fig. 7(b) for a reference step change at t= 3s. As it is
clear from Figs. 7(a) and (b), the proposed STSMC can properly
control the winding fluxes. Moreover, the chattering is very low
and the flux controllers have high-speed dynamic responses.

The estimated and the reference speeds are shown in Fig. 7(c).
As illustrated, in the first second, the rotor speed is kept at
zero and DSWIM operates in the asynchronous operation mode.
Afterward, it increases with a ramp pattern up to 200 rad/s.
Then, it decreases with a same pattern and accelerates in the
reverse direction up to 200 rad/s and it is kept at this speed
until t = 10s. Fig. 7(c) verifies that the proposed control scheme
can appropriately control the rotor speed in different operation
modes and in a wide speed range, including zero speed.

Figs 7(d) and (e) stand for the calculated electromagnetic
torques produced by the ABC and the XYZ winding sets, respec-
tively. As stated previously, the DSWIM load is a separately
exited DC generator supplying a resistive load. Generally, the
DC machine generated voltage is proportional to its rotor speed.
Thus, neglecting the DC generator losses, the load torque and
the armature voltage are obtained as (56) and (57), respectively.

TR =
PR

ωr
=

V 2
ar

RLoadωr
(56)

Var = karφDCωe (57)

In (57) kar is a constant value. If the voltage of the excitation
winding of the DC generator is kept constant, the DC generator
flux (φDC) can also considered constant. If the DC generator
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Fig. 7. Experimental results a) PW flux b) CW flux c) rotor speed d) PW
electromagnetic torque e) CW electromagnetic torque.

has p poles, Var = karφDC
p
2ωr. Thus:

TR =

(
karφDC

p
2

)2
RLoad

ωr = k∗ωr (58)

Where, k∗ = (karφDCp)2

4RLoad
. For the proposed system with

RLoad = 18Ω , k∗equals 0.0335. Eq. (58) shows that in the
experimental tests, the load torque has an approximately linear
relation with the rotor speed. This is also shown in Figs. 7(d)
and (e). According to (58), in the asynchronous operation region
(before t = 1s), the load torque is approximately zero and

the DSWIM electromagnetic torque overcomes the zero speed
losses torque. As it is clear from Fig. 7, clamping the frequency
of ABC winding set at 5 rad/s results in larger electromagnetic
torque produced by this winding than the required load torque.
In this condition, the torque-sharing algorithm fixes the XYZ
winding electromagnetic torque at a negative value to ensure
the torque balance and accordingly accurate speed control in this
mode of operation. In the synchronous operation mode, the elec-
tromagnetic torque waveforms of the two winding sets are simi-
lar to each other and their ratio is 5.7. As their synchronous speed
is equal, their power ratio is also 5.7. As a result, both winding
sets cooperate to supply the required power by a ratio equal
to their power ratings. In the steady-state condition (8<t<10),
TLoad = 6.7N.m. From Figs. 7(d) and (e), the electromagnetic
torques produced by the ABC and XYZ winding sets are 6.12N.m
and 1.08, respectively. Although the produced torques have the
desired ratio, the DSWIM electromagnetic torque (sum of ABC
and XYZ electromagnetic torques) is more than the load torque
by 0.5 N.m. Indeed, this extra torque overcomes the torque that
is the result of the DC machine and DSWIM losses.

The proposed controller is designed based on the nominal
machine parameters. However, some machine parameters vary
as the temperature changes or the core of machine inters the
saturation region. In addition, the load torque may have sudden
changes. The variable machine parameters, the alteration of
which may influence the proposed controller performance are
J, Rsi and B. As J and B appear in the first row of F and D, their
variations may influence the rotor speed control. To evaluate the
robustness of the proposed control system, these parameters are
changed by 50% from their nominal value. As the controlled
variations of J and B is not achievable in the experimental tests,
the effect of their variations is evaluated in a simulated system
in MATLAB/SIMULINK. It worth noting that, in the simulated
system, the parameters of the controller remained unchanged,
while J and B in the simulated DSWIM are changed by 50%
from their rated values. Fig. 8(a) shows the rotor speed and its
reference command in this condition. As it is illustrated, in this
test the rotor speed is kept at zero, first. After that, it ramps up
to the nominal speed. Then, it ramps dawn and accelerates in
the reverse direction. Again, it ramps up to zero speed and kept
at this value until the end of simulation. As it is clear from this
figure, the proposed control system can appropriately control
the rotor speed, despite the variations applied to the parameters
J and B.

The robustness of the control method against the Rs1 and
Rs2 uncertainties appear in the second and third row of the D
and F, respectively As a result, their variation may influence the
winding fluxes control. To assess the robustness of the proposed
controller against the variations of these parameters, some sim-
ulations executed. In this case, Rs1 and Rs2 have changed by
30% from their nominal values in the simulated DSWIM, while
the controller parameters remained unchanged. Figs 8(b) and (c)
illustrate the ABC and XYZ windings fluxes and their reference
commands, respectively. Fig 8(b) shows the ABC winding flux
for two-step changes. The first step change is positive and occurs
at t = 2s and the following is negative and occurs at t = 5s.
However, similar to the experimental tests, a single step change
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Fig. 8. simulation results in J, B and Rsi variation condition a) rotor speed
b) PW flux c) CW flux.

TABLE II
COMPARISON OF VARIOUS DSWIM DRIVE SYSTEMS

is considered for the XYZ winding set at t = 3s (Fig. 8(c)).
Consistent with Fig. 8, the proposed controller is also robust
against stator resistance variations.

The robustness of the proposed control system against load
torque variation is evaluated through an experimental test, in
which a step change occurred for the load torque. This has
been achieved through applying a sudden change to the terminal
resistance supplied by the DC machine. Fig. 9 illustrates the
rotor speed and winding fluxes for a step change in the load
torque at t = 5s. As it is clear from Fig. 9(a), at t = 5s the
rotor speed experiences a 50 rad/s drop for about 0.2s and after
that it properly follows its reference command. Figs 9(b) and
(c) confirm that the winding fluxes do not sense the step change
occurred in the load torque and they appropriately follow their
reference commands. Table II compares the proposed DSWIM
drive system with other DSWIM drive systems proposed in
literature from different aspects.

Fig. 9. experimental results in step load change condition a) rotor speed
b) PW flux c) CW flux.

VI. CONCLUSION

A novel non-liner DSWIM drive system was proposed. The
proposed drive system was able to truthfully control the rotor
speed and winding fluxes through a STSMC. In addition, this
system was provided with a full order SMO. The proposed
observer could precisely estimate the rotor speed and wind-
ing fluxes in various speed regions. Besides, it guaranteed for
the optimal flux condition. Moreover, a novel torque-sharing
algorithm for DSWIMs was introduced, which enabled them to
operate in a wide speed region, including zero speed operation
region, without any overloading in winding sets. The proposed
drive system was implemented on a 3.3kW laboratory prototype
DSWIM. The experimental results confirm the functionality of
the proposed drive system in various operation regions. Im-
plementing STSMC guaranteed the control system Lyapunov
stability. Accordingly, in the case of mechanical and electrical
machine parameters variation, the proposed control scheme
could properly control the rotor speed and winding fluxes at
their reference commands.
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