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Performance Enhancement and Assessment of the Dual Stator
Induction Motor

Abstract: An induction motor with three phases is a sturdy and heavy-duty machine requiring little upkeep effort. However, it is associated with
issues like load and driver type, speed regulation, and starting conditions. A variable frequency drive (VFD) can be used to drive the motor to
address these issues; however, power electronics use is limited due to the high current needed for the motor. Multiple-phase motors address the
high current problem using the three phases to supply the current required by the drives to run high-powered motors. Further, such motors are
incredibly reliable and are less prone to faults. This paper evaluates the Dual-Stator Winding Induction Motor (DSIM) through simulation created
using MATLAB to understand the motor operation and performance characteristics in steady and dynamic conditions. Simulation outcomes indicate
that different operating characteristics are associated with enhanced motor efficacy.

Streszczenie: Silnik indukcyjny z trzema fazami jest wytrzymatg i wytrzymatg maszyng, wymagajacg niewielkich naktadéw na konserwacje. Wigze
sie to jednak z takimi kwestiami, jak rodzaj obcigzenia i kierowcy, regulacja predkosci i warunki rozruchu. Przemiennik czestotliwo$ci (VFD) moze
by¢ uzywany do napedzania silnika w celu rozwigzania tych probleméw; jednak uzycie energoelektroniki jest ograniczone ze wzgledu na wysoki
prad potrzebny do silnika. Silniki wielofazowe rozwigzujg problem wysokiego prgdu, wykorzystujgc trzy fazy do dostarczania pragdu wymaganego
przez napedy do pracy silnikébw o duzej mocy. Co wiecej, takie silniki sg niewiarygodnie niezawodne i mniej podatne na awarie. W niniejszym
artykule dokonano oceny symulacji silnika indukcyjnego z podwdjnym uzwojeniem (DSIM) stworzonej przy uzyciu programu MATLAB, aby
zrozumieC dziatanie silnika i charakterystyke wydajnosci w warunkach stabilnych i dynamicznych. Wyniki symulacji wskazujg, ze rézne cechy
operacyjne sg zwigzane ze zwiekszong sprawnos$cig motoryczng. (Poprawa wydajnosci i ocena silnika indukcyjnego z podwdjnym stojanem)

Keywords: Dual Stator Induction Motor, DSIM, Multi-Phase Induction Motors, Matlab-Simulink.
Stowa kluczowe: Silnik indukcyjny z podwojnym stojanem, silniki indukcyjne wielofazowe, Matlab-Simulink.

Introduction

AC induction motors with drives are substituting DC
motors. The former is versatile, cost-effective, reliable, and
requires little maintenance. The AC motor faces a
significant challenge concerning starting up and speed
regulation; however, advances in power electronics and
control mechanisms have reduced such challenges [1].

Drives addressed speed regulation for three-phase AC
motors; however, these systems were infeasible for higher
power levels because semiconductors have power
limitations. Hence, drives can be coupled with multi-phase
induction motors to address this challenge. Three-phase
systems divide power and help reduce motor current and
power regulation needs. Moreover, multi-phase motors offer
better efficiency, improved torque density, higher fault
tolerance, and fewer torque pulses [2-4]. Hence, high-power
multi-phase drive and motor systems are used for ship
propulsion, locomotives, and electric vehicles.

In DSIM systems, there are two possible approaches;
with equal and unequal pole pairs, and with each approach,
the displacement of the stator windings may be 0, 30, or 60
degrees. Based on equal pole pairs and different angle
displacements between stator windings, DSIM performance
is examined and analyzed in this study.

Literature Review and Problem Statement

There was a time when the literature had few
references concerning multi-phase induction motors. Such
works about multi-phase induction motors indicate that their
benefits over typical three-phase systems have been
anticipated [2]. The asymmetrical six-phase design of the
induction motor is a fascinating consideration for high-
power requirements. The dual stator may exist with equal
pole pairs or unequal pole pairs for each winding set, and
for equal pole pair, the two sets of stators are displaced
either by 30 degrees which are called asymmetrical

windings or 0, 60 degrees, called symmetrical winding[4-6].

A dual stator induction motor (DSIM) comprises two
individual stator windings in a three-phase configuration

having a shared machine core; it has a typical squirrel cage
rotor winding. A symmetrical system comprises winding
sets placed at 60°, while asymmetrical systems comprise
30° angles to enhance performance. This approach was
proposed by Ward and Harer [7] in 1969. The researchers
demonstrated and assessed an inverter-driven five-phase
induction motor. They recommended that torque pulsation
could be decreased using a higher stator phase count.
Nelson and Krause [8] used computers to simulate three
different designs of inverter-fed six-phase motors. They
indicated that using 30° phase belts could remove the
torque pulsation at the sixth harmonic, typically
characteristic of inverter-based three-phase motors.
Nevertheless, there was a rise in peak stator current levels.

G.K. Singh [9] 2003 devised a straight forward d-q
approach for a multi-phase induction system, which is
suitable for assessing the motor's dynamic, transient, and
steady-state characteristics when running under balanced
loads. This analytical framework considered the system's
behaviour under mutual leakage reactance concerning both
three-phase windings. This framework was devised
considering a general reference and can be used to assess
machine operation at any displacement angle.

The previous decade witnessed rapid advancements in
power electronics, smart control systems, and electronic
process systems. There has been renewed interest in DSIM
to limit industrial challenges about starting and running high
loads with better reliability and lower harmonics issues [10].

The probable advantages concerning a multi-phase
induction motor are due to the six-phase system having a
30° displacement angle for the two coil systems that nullify
air gap flux harmonics having an order of (6n+1, n=1, 3,
5...). Hence, losses pertaining to the copper rotor on these
and torque harmonics having an order of (6n, n=1, 3, 5...)
are nullified if a voltage source inverter (VSI) drives the
system. The major benefit is that the system can start and
function even when a single stator phase is under a short
circuit or open. Moreover, the phase-specific current is
lower without higher phase voltage, lesser harmonics
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concerning the DC link, and higher power and reliability are
other advantages [1].

Since induction motors with dual stators are typically
regulated using AC drives [11] or transformer driven by a
three-phase supply [12], their dynamic characteristics must
be assessed comprehensively to extract higher
performance from the setup. This paper employs the
MATLAB-Simulink model to evaluate the dual stator
induction motor (DSIM) and assess its performance under
severe perturbations with a deep, comprehensive approach.

Three-phase induction motors' performance typically
suffers because of the adverse impact of pulsating torque
on the voltage across the inverter drive [13] and [14]. A
DSIM with proper winding characteristics and a VSI system
can help increase performance substantially [15]. This study
used 0, 30°, and 60° separation across the stator windings
on a DSIM system. An assessment highlights the impact of
connection on torque properties, system response, and
current waveform. The significance of modelling lies in its
capability to generate a broad range of analyses for
transient and steady-state responses under various
operating conditions without the associated drawbacks of
overheating or excessive mechanical stress that may occur
during actual testing [16].

Dual Stator Induction Motor (DSIM) Model
The DSIM comprises one squirrel cage rotor and dual
three-phase stator windings, as depicted in Figure (1) [17] .

Fig.1. Dual stator induction machine schematic.

Modelling DSIMs can help improve design and control
algorithms, enhancing machine performance, reliability, and
efficiency. This can lead to a reduction in costs and an
increase in knowledge and understanding of these complex
systems. In addition to these benefits, modelling DSIMs can
also help identify potential issues and provide insights into
how to address them. This ensures that these machines
operate at optimal levels.

Six-Phase
Simulation

Electric drives suffer due to stator voltage changes,
leading to pulsating torque. It is best to have the least
feasible pulsating torque. It is feasible to control pulsating
torque for rectifier-inverter-based drives. Several inverters
can be combined with the appropriate number of three-
phase windings set across adequate displacements on the
system. Such an arrangement is feasible using an induction
system with dual three-phase stator windings and one rotor
winding. A 30° displacement schematic for stator windings
is depicted in Figure (1).

System performance can be specified directly using the
expressions in the following section. Figure (2) depicts an

Induction Machine: Assessment and

equivalent Circuit in the two-axis plane. Further, primed
quantities are applied to the stator using the desired turn
ratio. Interestingly, there is a transformation concerning
windings' relative position, as determined through
applicable voltage (Vgsi, Vgs2, Vs, Vdsz) in Figure (2), rather
than using variables concerning the three-axis equivalent
circuit. Figure (1) depicts a system with several three-wire
connections, allowing the elimination of zero quantities [6].

Double stator induction machine d-q equivalent circuit
Several assumptions were made while formulating the

set of expressions that model an induction motor having

several three-phase windings. These are:

1. Uniform air gap

2. Negligible winding and friction loss, saturation, and eddy

currents

3. Sinusoidal winding arrangement across the air gap

4. |dentical windings in a set

5. Winding sets are not connected

Figure (2) depicts the d-q equivalent circuit using an

arbitrary DSIM reference frame [9].
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Fig.2. The dg-axis equivalent circuit for dual stator induction

machine [18]

The following expressions specify the voltage vectors for
six-phase stator and three-phase rotor coils [9]:
(1) vy =ryig +pis + jor i

@ .=

i

.
Where w;, depicts angular velocity using the coordinate
system, hence, the machine's voltage expressions for an
arbitrary reference frame are:

3) Vg = Tsilsqr T O hq, + ply,

(4) Vsdi = Fsilsd — C‘)lc/1q1 +pha,

(5) Vsgz = Tsolsgr T WAy, +p/1q2

(6) Vods = Fsolggr — a)k/lqz +plg,

() vig =riy —(op —@,) dyg + phiy
@) vy =rliig —(op —o.) 4y + plry

The equations from (9) to (14); express the flux induced in
each winding in both the stator and rotor

) g1 =Ligigr + Lim(igs +ig2)+ Ly (igp +ig2 +ig.) - Liggiaz
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(10)
(11)

/’qu :leiqz +le(iq1 +iq2)+Lm(iq1 +iq2 +iql”)+L[dqid]

Aqr =Ly + Ly (igp +iqz) + Ly (g +igs +ige )+ Liggigs

(12)  Ag> = Lysigs + Ly (igy +ig2) + Ly (i +igs +ig ) = Liggig

(13) ﬂ“qr :Llriqr +Lm(iq1+iq2+iqr)

(14)  Agy = Lyyigr + Ly (i 1+ ig 2+ igr )
Now, by using the state space approach and
considering the equations mentioned above, with currents
as the state variable and flux linkage as the dependent
variable, the following state space equation can be written
based on stator and rotor currents:

@) [r]-[])+(2] ]
Where:
the input vector: [v |=[v, .V, .V, V..V, .V, ]

ql?" q27"d1’" d2’" gr’
And the state vector| /* |=[ p1,,,p1,,,p1,,.01,,.p1,.p1, |

Thecurrentmatrix:[} [1 00T T

q2?°d1’"d2’ " gr’ drj|
and the coeffivient martrices [R], [L] are :

[ R 0 Wy  W(,+Lg) O Wiy 1
WLy R, WL, Wi, 0 Wl
[R]= -WL, WL, Ry Wlaq -WL, 0
-WL, -WL, —Wqu R, -WL, 0
0 0 _Wlem _Wsl L R, _WSZLS
_Wlem _Wlem 0 0 _W51L3 Rr
[ Ly L, 0 —Lgq Lm 0]
I Ly Ly Lgg 0 Ly O I
w=| O P L Lo 0 Ly
|—qu 0 L, L 0 Ly
Ly Ly 0 0 L, 0
Lo 0 Lp Lp 0 Ll

where Ly = Lig + Ly + Ly, Ly = Ly + Loy
and Ly =Ly + Ly, W =W, — W,

Using the equations mentioned above: the model of Figure
(3). Was permitted

Performance Enhancement by Loss Minimisation

It is critical to assess dual stator induction motor loss
(Poss) because the windings are small but complex. The
analysis for the three-phase stator is shown in references
[19] and [20]. This study neglects convertor, stray, windage,
and friction losses. Using Figure (2), the total loss is
expressed as:

Ploss = Pcusi t Peus2 + Pi T Peusi

-2 ’ . 12 -2
(16) Ploss = S[(l +z )+ ,(1 +lsd2)+rflf2+rr(qu+lrd)

considering identical dual stator windings, ry =15 =15,
and isq1 = isq2 = Isq, fsa1= isd2= ise, Which is a special case for an
identical position for the two stator winding sets, also the
Iron losses (r7ir,) are considered negligible because ry >
1. Hence Equation (16) is expressed as:

(17) Pross =205 +1° )+rl(i’ +i )
sq  sd rq rd

Now, according to the mathematical deriving methodology
mentioned in (19); the current passing throw the rotor
resistance is due to quadratic axis stator current (igs) only,
so equation (17) will be further simplified to:

2 .2
(18) Dioss = 27 lsd+(2rs+rr)zsq

The dynamic behavior for torque and speed are defined
with equations(19),(20):

(19) To = (F5)/5 0 Vo (isg+iag ) ma ~(isas +i502) o |
@) ()= YY) VT

Iron losses are ignored, and torque can also be specified
as:

(21) T, = (%)(%)(Lm)[(lsql +isq2)(isd1 +igg, )]

(22) 1,= ky(isq Misq )

So, from the last equation i, (isq) = Te
Kt*lsd

d

5-1055 =4r lsd + Z(er + Tr)lsq(Lsd) Sq(lSd)

lsd
.2
d i
@3)  Ploss —ypi 20247, )2L =0
dlds Lsd

Equation (23) is used to derive the following expressions:

o4 2 ne+2r

(24) Isd = Zl”s lsq

(25) is_d: 7.+ 27,

Isq 2r,

The above analysis indicates that the losses can be made
as low as possible when the relationship between the two
components of the stator current is regulated, as in eq. (25);
Therefore, the inclusion of this relationship in the control
algorithms is used further to enhance and improve the
action of the inverter as a voltage source supplies the
machine model proposed in this work.

Proposed DSIM Model

MATLAB-Simulink was used to model the DSIM using
matrix in Equation (15). System parameters are specified in
Table (1), while the DSIM schematic is depicted in Figure

3).

Table (1) Dual Stator Induction Machine parameters [9].

parameter Value
R, 0.0847Q
R, 0.0847Q2
Xi 0.0543Q
Xiz 0.0543Q
R 0.0376Q
X 0.05430Q
Xim 1521 Q
Xim 0.03 Q
Xigq 0.00 Q
H 0.6 N.m
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Fig.3. MATLAB-Simulink-based Dual stator induction machine model

Test Outcomes and Discussion

Figures (4-10) depict the DSIM outcomes concerning

mutual flux association, torque, speed, rotor, and stator
currents for 0, 30°and 60° balanced supply-fed system.
This study and several other research works concerning 30°
displacement-based six-phase induction motors indicate
better torque for this displacement. Flux time harmonics of
order (6n+1; n =1, 3, 5, 7 ...) concerning the air gaps are
minuscule. Consequently, better sinusoidal characteristics
are expected for rotor and dg-axis stator currents at 30°. All
harmonic-associated copper losses at the rotor, including
harmonic torque associated with orders (6n; n =1, 3, 5, 7
...), are almost eliminated when a six-step VSI is employed.
Therefore, 30° displacements are associated with minimum
rotor heat generated due to harmonic losses. Moreover, the
assessment indicates that this displacement is associated
with higher stator currents, which are attributed to more
stator current harmonics. Figures (4-11) depict operational
outcomes for the proposed system driven using a six-step
supply; these outcomes consider zero and non-zero
stepped loadings. Figure (7) indicates the low overshoot in
losses with 30° compared with 0°and 60°. Figure (8)
explains how the divergence between the quadrature
components of currents was increased with the increase of
angle displacement of two stator winding.

A 30° displacement does not create rotor pulsations.
Moreover, pulsation and torque average 5% in contrast to
20% and 30% for 0° and 60° displacements. Further,
Figures (12)-(13) indicate system performance when driven
using a PWM inverter voltage source. Speed changes, rotor
current, and torque are more uniform for 30° displacement
than 0° and 60° configurations. Nevertheless, the system
does not provide noteworthy performance gains when
driven using six-step voltages. One significant disadvantage
concerning the square-wave three-phase drives is the
substantial ripple that causes noise and inflicts mechanical
stress on the rotor bearings and loads. Mitigation comprises
full-pitch windings better equipped to handle voltage
harmonics for motors with significant phases.

174

Figure (14) depicts the applied mechanical Load
(Tmech). VSI-driven load for theta=30° is assessed in
Figures (15) and (16), where response speed and torque
are measured against time.

51

—Theta=0
) ---Theta=30
4+ ~—-Theta=60}

0 01 02 03 04 05 06 07 08 09
Rotor Speed (pu)

Fig.4. no-load torque vs. rotor speed using DSIM at 0°, 30°, and

60°displacements across the winding sets.

~=Theta=60
~Theta=30
-=-Theta=0

q-mutual flux linkages (pu)
o

0.6
2 ~ 04

d-mutual flux linkages (pu) 0 - 02
0 Speed (pu)

Fig.5. dq mutual flux linkages vs. rotor speed using DSIM at 0°,30°,
and 60°displacements (theta) between the stator winding sets.

Stator and rotor current values are depicted against time
using Figures (17-20). The system uses varied load
(Tmech) across 30° and 60° theta values for a VSI-powered
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system. It is evident that losses and currents differ. There is
about 30% less current at 30°. Validation of the model was

carried out by comparing the

torque characteristics

expressed in Figure (6) with those reported in [8], which are

essentially the same, with the same machine rating.
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Fig.6. No-load DSIM torque vs. time for 0°30° and

60°displacements (theta) between the stator winding sets.
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Fig.7. Power loss vs. time for 0°,30°, and 60°displacements (theta)

between the stator winding sets.
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Fig.8. DSIM dq currents for first winding vs. time for 0°,30°, and 60°

displacement (Theta) between the stator winding sets.
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Fig.9. DSIM phase (a) for first winding vs. time for 0°,30°, and 60°

displacement (Theta) between the stator winding sets.
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Fig.10. SIM rotor current vs. time for 0°,30°, and 60°displacements
(theta) between the stator winding sets.
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Fig.11. No-load torque vs. time for 0°,30°, and 60° displacements
(theta) between the stator winding sets.
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Fig.12. No-load torque vs. time for theta=30°, supplied using VSI.
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Fig.13. No-load stator and rotor currents vs. time for theta=30°,
supplied using VSI.
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Time (sec)

Fig.14. Applied Mechanical Load (Tmech) vs. time.
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Fig.15. Speed vs. time with variation load (Tmech) for theta=30°
and VSl-based supply.

5 .
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Fig.16. Torque vs. time with varying load (Tmech) for theta=30°
and VSl-based supply.
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Fig.17. Phase(a) stator current vs. time with varying load (Tmech)
for theta=30° and VSI-based supply
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Fig.18. Phase (a) stator current vs. time with varying load (Tmech)
for theta=60° and VSI-based supply
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Fig.19. Rotor current vs. time with variation load (Tmech) for
Theta=30° and VSI-based supply.
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Fig.20. Rotor current vs. time with varying load (Tmech) for
theta=60° and VSI-based supply.

Conclusions

In this paper, a revised, extended state-space model
based on field and armature currents was developed and
reported in the synchronous park transformation. A typical
modelling and assessment technique is devised to assess
the dual stator induction motor (DSIM) three-phase
windings with and without symmetry. MATLAB-Simulink
was used to model a six-phase induction motor powered
using two six-step inverters. The inverters' action were
enhanced by applying a loss minimization algorithm (LMA)
to minimize losses at light load. This model helped assess
and enhance machine torque properties. The DISM with the
0, 30° and 60° displacements between stator winding are
studied with the proposed model. An assessment indicated
how connection configurations affect current waveforms,
torque properties, and motor response. The configuration
specified in this study offers substantial benefits because
double inverters can drive machines directly without shared
loads and transformers. The suggested mathematical
framework can be used to formulate adjustable drives for
induction motor control to obtain the required starting
properties.
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Nomenclature

T Torque load

VS voltage source inverter
P Pole count

j moment of inertia

Ws base speed

W reference frame speed
@y rotor speed

p differentiation

Vgt Viar g- and d-axis voltages for stator winding set |
Vi Viz Q- and d-axis voltages for stator winding set Il

Aqi, Aai g- and d-axis stator flux linkages for set |

Qg2 A g- and d-axis stator flux linkages for set Il

Agr, Adr g- and d-axis rotor flux linkages corresponding to
stator set |

Lsq1, Isar g- and d-axis currents for stator winding set |

I5g2, Isa2 g- and d-axis currents for stator winding set Il

751 per phase stator resistance for the set |

T2 per phase stator resistance for the set Il

r’ per phase rotor resistance concerning the stator

L'y, Shared mutual leakage inductance concerning the
two stator windings

L, Stator-rotor mutual inductance

Ly per phase leakage inductance for stator winding set |

Ly per phase leakage inductance for stator winding set ||

L per phase leakage inductance for rotor winding
referred to the stator

X'im shared mutual leakage reactance between the two
stator windings

X stator-rotor mutual reactance

Xu per phase leakage reactance for stator winding set |

X per phase leakage reactance for stator winding set I

X' per phase leakage reactance for rotor winding
referred to the stator

L' mutual between the d- and g-axis stator winding
circuit

VgV g- and d-axis rotor voltages referred to the stator
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