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Abstract: The appropriate efficiency of a dual stator winding squirrel-cage induction motor (DSWIM) is obtained when
the ratio of two frequencies feeding the machine is equal to the ratio of the number of poles. In the vector control
method, the estimation of flux at low speed is difficult. To solve this problem, researchers have benefited from the
free capacity of the two windings of the stator. This makes the motor deviate from its standard operating mode at
low speed. The main purpose of the present study is to reduce the power losses of the inverter units in the sensorless
DSWIM drive using the proposed control scheme at low speed. In this control scheme, the speed is estimated based
on the modified intelligent model reference adaptive system (MIMRAS) without estimating the stator resistance at low
speed. The proposed methods were simulated in MATLAB/Simulink software, and the results of simulation confirmed
the assumptions.
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1. Introduction
The dual stator winding induction motor (DSWIM) studied in this paper consists of a standard squirrel-cage
rotor and a stator with two separate symmetric three-phase windings with different numbers of poles. Each
stator winding is fed by an independent inverter through a common dc-bus. The DSWIM was introduced by
Muñoz and Lipo [1]. Due to having two independent inverters and two separate symmetric three-phase windings,
a DSWIM drive has better reliability than a three-phase induction motor (IM) drive. Generally, the poles of
the stator are chosen in the ratio of 1 to 3 (e.g., 2:6 or 4:12). The standard operating mode of a DSWIM is
obtained when the ratio of two frequencies feeding the machine is equal to the ratio of the number of poles
[1–3]. The most common method of speed control in the IMs is the vector control method [4]. The direct and
indirect vector control methods depend on flux estimation [4–6]. There are two direct vector control methods:
the voltage and current models. The voltage model depends on stator resistance. In the indirect vector control
method, the calculation of the slip frequency depends on the rotor resistance. In the direct vector control, at
low speed, the estimation of flux has noticeable sensitivity because the voltage drop on the stator resistance is
comparable to the input stator voltage. In [6], the rotor resistance was estimated using a novel Flux-MRAS
scheme based on artificial neural network in the indirect vector control method. In [7–9], the stator resistance
estimation was utilized to solve the speed estimation problem of the IM at low speed. In [10,11], different kinds
of reformed extended Kalman filter (EKF) algorithms were presented for improving flux and torque estimation.
∗Correspondence: mshamsi@birjand.ac.ir
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Due to high complexity, computation time is long. In [12], an IM flux estimation method was proposed based
on a new integration method with a closed loop DC offset compensation algorithm. This method estimates an
exact flux only when the system parameters are known. In [13], a modified MRAS based on particle swarm
optimization (PSO) was proposed for speed estimation. Due to high complexity and long computation time,
PSO is unsuitable for on-line estimation in real time. In [14], the backstepping control technique was presented
based on the MRAS approach for sensorless speed control of an IM. Due to uncertain stator resistance, it is not
suitable at low speed. Based on conventional control methods, a DSWIM drive in its standard operating mode
cannot properly trace low speed. In the method proposed in [1], one of the windings is fed by an arbitrary
constant frequency (usually 0.05 p.u.) and the other one is fed by a variable frequency. This operating mode
forces the low-pole winding to produce a torque larger than the mechanical load. In other words, unlike the
first winding, the second one can produce negative and positive torques dependent upon the desired speed and
torque. Consequently, by enforcing the first winding to work at an arbitrary constant frequency, the motor
deviates from its standard operating mode, but the problem of drive for tracing low speed is solved. The vector
control methods presented in [15,16] are based on the seminal method presented in [1]. The conventional control
method leads to the loss of optimal energy management at low speed in a DSWIM. The proper efficiency of
this motor is obtained when it works in its standard operating mode [2]. In [5], a rotor flux compensator was
used to solve the problem of estimating the rotor flux of an IM drive at low speed. This perfectly solved the
problem of the rotor flux estimation at low speed without estimating the stator resistance. In the present
study, the following were performed: 1. The vector control method was first presented based on the rotor flux
compensation method. 2. The MIMRAS was proposed for estimating the rotor speed in the proposed DSWIM
drive. At low speed, the loss of the motor core was not significant [17]. The main purpose of the present study
was to reduce the inverter loss in the sensorless DSWIM drive using the proposed ideas at low speed. The paper
is organized as follows: A model of the DSWIM is presented in Section 2. The proposed vector control of the
DSWIM drive using MIMRAS is explained in Section 3. Results and discussions are given in Section 4, and
finally, the conclusion is presented in Section 5.

2. Machine model
The d -q equations of the voltage in a dual stator winding induction motor with different numbers of poles can
be expressed in complex form as in Eqs. (1) and (2) [1]:

V
qdsi

= R
si
i
qdsi

+ ρλ
qdsi

− jωλ
qdsi

, (1)

V
qdri

= R
ri
i
qdri

+ ρλ
qdri

− j(ω − ωri)λqdri
= 0, (2)

where i can be 1 or 2, presenting the parameters and state variables of each three-phase stator winding (abc1
and abc2). ω is the electrical rotating speed of the common reference frame; ωri is the rotor electrical speed;
Vqdsi and Vqdri are the stator and rotor voltages on the q - and d -axis, respectively; iqdsi and iqdri are the
stator and rotor currents on the q - and d -axis, respectively; λqdsi and λqdri are stator and rotor flux linkages
on the q - and d -axis, respectively; Rsi and Rri are stator and rotor resistances, respectively, and ρ = d/dt.
Flux linkage equations given in terms of currents are provided in Eq. (3) [1]:[

λqdsi

λqdri

]
=

[
Lsi Lmi

Lmi Lri

]
×

[
iqdsi

iqdri

]
, (3)
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whereLri and Lsi are the rotor and stator inductances, Lmi is the magnetizing inductance (see Figure 1).
From Eq. (3), the stator and rotor currents can be expressed in terms of flux linkages as in Eqs. (4) and (5)
[18]:
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Figure 1. Complex vector control of dual stator winding squirrel-cage induction motor.

iqdsi =
Lri

Di
λqdri −

Lmi

Di
λqdri, (4)

iqdri =
Lsi

Di
λqdri −

Lmi

Di
λqdsi, (5)

where Di = LsiLri−L2
mi . By Substituting Eq. (4) into Eq. (1), and Eq. (5) into Eq. (2), the voltage equations

become Eqs. (6) and (7). The electromagnetic torque (Tei) for each stator winding is given in complex variable
form in Eq. (8):

Vqdsi =
RsiLri

Di
λqdsi −

RsiLmi

Di
λqdri + pλqdsi − jωλqdsi, (6)

0 =
RriLsi

Di
λqdsi −

RriLmi

Di
λqdsi + pλqdri − j(ω − ωri)λqdri, (7)

Tei =
3

2

Pi

2
Im(λqdsi i

∗
dqsi), (8)

where Pi is the pole number for windings, i = 1 or 2. The total electromagnetic torque (Te) of a DSWIM is
the sum of produced torques via both stator windings, which is given in Eq. (9) [18]. The rotor electrical speed
(ωri) can be defined in terms of the rotor mechanical speed (ωr) as in Eq. (10) [16]. The air-gap flux linkage is
expressed in Eq. (11). The currents are eliminated by substituting Eqs. (4) and (5) into Eq. (11). Therefore,
the air-gap flux linkage of each stator winding can be stated in terms of rotor and stator flux linkages as in Eq.
(12). The total air-gap flux linkage is the sum of the two separate air-gap flux linkages, which is defined in Eq.
(13):

Te = Te1 + Te2 =
3

2

P1

2
Im(λqds1 i

∗
dqs1) +

3

2

P2

2
Im(λqds2 i

∗
dqs2), (9)

ωri =
Pi

2
ωr, (10)

λqdmi = Lmiiqdsi + Lmiiqdri, (11)
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λqdmi =
LlriLmi

Di
λqdsi +

LlsiLmi

Di
λqdri, (12)

λqdm =
Llr1Lm1

D1
λqds1 +

Lls1Lm1

D1
λqdr1 +

Llr2Lm2

D2
λqds2 +

Lls2Lm2

D2
λqdr2. (13)

The mechanical equation of the machine is explained in Eq. (14):

pωr =
Ke1

J
(λdr1Iqs1 − λqr1Ids1) +

Ke2

J
(λdr2Iqs2 − λqr2Ids2)−

TL

J
, (14)

where J is the inertia coefficient, Ke1 = (3P1 /4)(Lm1/Lr1) , and Ke2 = (3P2 /4)(Lm2 /Lr2) . In [1], it is
proved theoretically and experimentally that both stator windings in the DSWIM are fully decoupling. The
equivalent circuit diagram of a DSWIM, using d − q notation, is shown in Figure 1 [1]. The low-pole number
winding is referred to as abc1 and the high-pole number winding as abc2.

3. The proposed vector control of the sensorless DSWIM drive

A DSWIM is similar to two independent three-phase IMs that are mechanically coupled. Therefore, speed
control methods used for three-phase IMs are also applicable to a DSWIM [1–3]. In the vector control method,
Eqs. (15)–(21) are utilized for generating feedback signals [1,19]:

φs
dqsi =

∫
(vsdqsi −Rsii

s
dqsi)dt, (15)

φs
qdmi = φs

qdsi − Llsii
s
qdsi, (16)

φs
dqri = (Lri/Lmi)φ

s
dqmi − Llrii

s
dqsi, (17)

Tei = (3Pi/4)(φ
s
dsii

s
qsi − φs

qsii
s
dsi), (18)

φri =
√

(φs
qri)

2 + (φs
dri)

2, (19)

cos θei = φs
dri/φri, (20)

sin θei = φs
qri/φri. (21)

where φs
dqsi , φs

dqri , and φs
dqmi are the stator, rotor, and air-gap d - and q -axis fluxes, respectively; Llsi and

Llri are the stator and rotor leakage inductances, respectively. The block diagram of the proposed sensorless
DSWIM drive using the voltage model of the direct vector control is shown in Figure 2, where K1 and K2 are
the torque-sharing factor and the flux coefficient; ω̂r and ∆ωr are the estimated speed and the speed error,
respectively. In Figure 2, the MIMRAS has been modeled as biobjective.
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Figure 2. The block diagram of the proposed control scheme of the sensorless DSWIM drive based on the MIMRAS
method.

3.1. Voltage model feedback signals estimation

The rotor flux, the electromagnetic torque, sinωeit and cosωeit signals are estimated from the block diagram
in Figure 3a. From Eq. (15), the stator flux in the drive control system of a DSWIM is directly obtained by
integrating the electromotive force. The pure integrator has the problem of DC offset. Instead, the algorithm
presented in [20] is utilized. The block diagram of the integration algorithm is shown as dashed lines in Figure
3a.

3.2. Flux compensation model

In the direct vector control method, the estimation of sinωeit and cosωeit signals is dependent on the estimation
of the rotor flux. At low speed, the voltage drop on stator resistance (Rsis) is comparable with the input stator
voltage (Vs) . As a result, the rotor flux is low and it cannot drive the DSWIM, which makes the operation
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Figure 3. a) The block diagram of the estimation of voltage model feedback signals for the proposed sensorless DSWIM
drive, b) A basic configuration of the speed estimator based on MRAS, and c) The structure of the proposed intelligent
PI controller based on the brain emotional learning mechanism for the adaptation algorithm as the biobjective function
(ξ →0 and ∆ωr →0).

of the DSWIM drive difficult at low speed [5]. Most researchers estimate the stator resistance to compensate
the voltage drop on the stator resistance [6–9]. The present study directly uses the torque error to compensate
the rotor flux without estimating the stator resistance at low speed. If torque error always exists (∆Te ̸= 0),

then the actual torque Te is always less than the reference torque T ∗
e . In this compensator, the rotor flux is

compensated with a general proportional and integral (PI) controller whose input is the torque error. The rotor
flux is compensated when the torque error (∆Te) exists. The main purpose of the control system in the DSWIM
drive is to decrease the error of electromagnetic torque and consequently eliminate the speed error (∆ωr →0).
At low speed, the estimated rotor flux (φ̂ri) is not equal to its actual value φri(φri ̸= φ̂ri) . It is proposed that
∆φ∗

ri is added to the main reference flux (φ∗
ri m) to make it a component of φ∗

ri = φ∗
ri m+∆φ∗

ri . In this paper,
a flux compensator generates ∆φ∗

ri .
In the proposed control scheme for Te > 0, total torque is defined as Te = Te1 + Te2 = |Te1| + |Te2| ,

although it is defined as Te = Te1 + Te2 ̸= |Te1|+ |Te2| in the conventional method.

3.3. The speed estimation using the model referencing adaptive system based on the flux com-
pensator and biobjective emotional intelligent controller

A speed estimator based on conventional MRAS is shown in Figure 3b [19]. The reference model in the
conventional MRAS is defined in Eq. (22) [19]:
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[
φ̇s
dr

φ̇s
qr

]
= (Lr/Lm)

{[
vsds
vsqs

]
−
[

(Rs + σLsS) 0
0 (Rs + σLsS)

] [
isds
isqs

]}
, (22)

where σ = 1 − L2
m/LsLr is the leakage coefficient. A conventional MRAS has two problems at low speed: 1.

Due to pure integrations and the voltage drop on the stator resistance, the rotor flux calculation in the reference
model is difficult, especially at low speed [19]. For solving this problem, researchers usually estimate the stator
resistance [6,7]; 2. To have a high performance and accuracy in sensorless DSWIM drive, particularly at low
speed, adjusting Kp and Ki coefficients are important in the classical PI controller of the MRAS adaptation
algorithm. The modified reference model in the MIMRAS is shown in Figure 3a. The MIMRAS has three
features: 1. An integration algorithm presented in [20] is utilized instead of the pure integrator; 2. The rotor
flux components of the reference model are calculated without estimating the stator resistance based on the
rotor flux compensator; and 3.Kp and Ki coefficients in the proposed adaptation algorithm are adjusted using
the brain emotional learning as single-objective and biobjective. The first objective is balancing the fluxes,
ξ →0; in other words, φs

dr = φ̂s
dr and φs

qr = φ̂s
qr . To have an accurate estimation of the speed at low speed, the

speed error (∆ωr → 0) is defined as the second objective of the adaptation algorithm. Due to low complexity,
the emotional intelligent controller is suitable for on-line application.

In this paper, one of the purposes is to use the computational model mentioned in [4,21] by expanding it
with a novel intelligent control structure. An emotional intelligent model has two main sections: Amygdala (A)
and Orbitofrontal Cortex (OC). Learning is done in the Amygdala unit. The Orbitofrontal Cortex is applied
for reformatting responses and unsuitable reactions of the Amygdala. The emotional learning system response
of Amygdala-Orbitofrontal (MO) to sensory input (SI) and emotional cue (EC) is given in Eq. (23):

MO = AO −OCO, (23)

where AO and OCO are outputs of the Amygdala and the Orbitofrontal Cortex units, respectively. AO and
OCO are defined in Eq. (24). The learning law in Amygdala and Orbitofrontal units are defined in Eqs. (25)
and (26):

AO = Ga.SI,OCO = Goc.SI, (24)

For Amygdala:∆Ga = C1.max(0, EC −AO) ≥ 0, (25)

ForOrbitofrontal Cortex:∆Goc = C2.(MO − EC), (26)

where Ga and Goc are equivalent gains of the Amygdala and Orbitofrontal units, respectively. C1 and C2

are learning coefficients of the Amygdala and Orbitofrontal units, respectively. In Eq. (25), since the operator
“max” is used in the learning law of Amygdala, the gain of the Amygdala unit always increases. The Amygdala
unit cannot forget anything it has learned. The gain of the Orbitofrontal unit can be changed as positive or
negative to reform well the unsuitable responses of the Amygdala unit [21]. Eq. (27) is written by compounding
Eqs. (23) and (24). In the proposed MRAS, the intelligent controller is used as a PI controller. Therefore, SI
is defined in Eq. (28):

MO = (Ga −Goc).SI = G(SI,EC, ...).SI, (27)

SI = Kp.ξ +Ki.

t∫
0

ξdt, (28)
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where Kp and Kiare proportional and integral coefficients, respectively, ξ is defined as balancing fluxes(ξ =

φ̂s
drφ

s
qr − φ̂s

qrφ
s
dr) . EC can be formulated based on required objectives [21]. In this paper, it is defined in Eqs.

(29) and (30):
Single-objectivefunction (ξ → 0):EC = aec1.ξ + aec2.MO, (29)

Bi-objectivefunction(ξ → 0and∆ωr → 0):EC = aec1.ξ + aec2.MO + aec3.∆ωr, (30)

where aec1 , aec2 , and, aec3 are input coefficients of EC function, ∆ωr is the rotor speed error. The proposed
intelligent PI controller is shown in Figure 3c that is based on the emotional learning system of the brain
Amygdala-Orbitofrontal.

At low speed, balancing fluxes is difficult and sensitive. In this paper, the intelligent PI controller of
MRAS is adjusted as problem of the single-objective (ξ →0) and biobjective (ξ →0 and ∆ωr →0). In the
single-objective, the proposed MRAS estimates the rotor speed only based on balancing of rotor fluxes (ξ →0).
The purpose of the main control system in the DSWIM drive is to reduce the speed error to zero. This purpose
(∆ωr →0) is selected as the second objective in the PI controller of the MIMRAS. In fact, the value of ∆ωr

is directly participated in the speed estimation. As a result, the convergence between ω̂r and ω∗
r is increased,

which in turn reduces the speed estimation error particularly at low speed.
The direct vector control of the voltage model in DSWIM drive is independent of the rotor resistance.

Estimations of φ̂s
qr and φ̂s

dr in the adaptive model of the MRAS are dependent upon rotor resistance as in Eqs.
(31) and (32):

φ̂s
qr = (isdsLmRr/Lr − ˆ̇φs

qr − φ̂s
qrRr

/
Lr)

/
ω̂r, (31)

φ̂s
dr = −(isqsLmRr

/
Lr − ˆ̇φs

dr − φ̂s
drRr/Lr)

/
ω̂r, (32)

where φ̂s
qr and φ̂s

dr are d - and q -axis estimated rotor fluxes via the adaptive model, respectively. In [22], it is
mentioned that the robustness of the MRAS speed estimator to the rotor resistance variation depends on the
value of PI controller coefficients (Kp and Ki) in the speed-adaptation loop. According to the results, the value
of Kp and Ki coefficients of PI controller in the speed-adaptation loop are important and depends on the rotor
resistance. In this paper, the value of Kp and Ki coefficients of PI controller in the speed-adaptation loop are
adjusted using the brain emotional learning as biobjective. In the MIMRAS, the brain emotional learning is a
suitable method for adjusting the PI controller coefficients. From Eqs. (31) and (32), the normalized sensitivity

functions of φ̂s
qr and φ̂s

dr to rotor resistance in the adaptive model of the MIMRAS (S
φ̂s

qr1

Rr1
, S

φ̂s
dr1

Rr1
) can be

expressed as in Eqs. (33) and (34), respectively:

S
φ̂s

qr1

Rr1
=

∂φ̂s
qr1

/
φ̂s
qr1

∂Rr1/Rr1
= [Rr1/(Lr1φ̂

s
qr1ω̂r)][Lm1i

s
ds1 − φ̂s

dr1), (33)

S
φ̂s

dr1

Rr1
=

∂φ̂s
dr1/φ̂

s
dr1

∂Rr1/Rr1
= [Rr1/(Lr1φ̂

s
dr1ω̂r)][φ̂

s
qr1 − Lm1i

s
qs1), (34)

where ω̂r is the estimated rotor speed using the biobjective emotional intelligent controller. In Section 4, the
sensitivity of φ̂s

qr and φ̂s
dr to rotor resistance in the adaptive model of the MIMRAS is studied.
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4. Results and discussions
The simulation of the dual stator winding squirrel-cage induction motor drive was performed in MATLAB/Simulink
to evaluate the proposed ideas. The parameters of the sensorless DSWIM drive are given in the appendix [2,4].
The parameters of the utilized IGBT/Diode were selected from SKM40GD123D IGBT. The simulation was run
in the following two models:

1. The conventional control model of a DSWIM drive (the conventional method),
2. The proposed control model of the sensorless DSWIM drive (the proposed method).

4.1. Simulation results of the conventional method
In the conventional model, the frequency is usually held constant at a minimum value in the first winding,
the second winding can work in either motor or generator operating mode at low speed. In other words, the
algebraic sum of the torques produced by abc1 and abc2 windings has to be equal to the requested torque.
Figure 4 demonstrates the behavior of the conventional drive control system of a DSWIM in response to the
speed command of 0.4 rad/s with the load torque value of 2 N.m. The drive control system perfectly traces
the low reference speed in the steady state. Figure 4b shows the total torque (Te) and the profile of the torque
produced by abc1 and abc2 windings (Te1 and Te2) . Te is obtained from the sum of Te1 and Te2 (Te =
Te1 + Te2) .

Figure 4. Simulation results of the conventional drive control system of DSWIM. The reference speed is 0.4 rad/s and
the torque value is 2 N.m. a) Rotor speed profile, b) Torque profile, and c) Stator currents ia1 and ia2 .

4.2. Simulation results of the proposed control scheme

Figure 5 illustrates the behavior of the proposed control system of the sensorless DSWIM drive based on the
proposed biobjective intelligent MRAS. The reference speed changes from 9 to 0.4 rad/s, the load torque drops
from 4 to 2 N.m. The drive control system perfectly traces low reference speeds in the steady state. Figure
5b shows the total torque (Te) and the profile of the torque produced by abc1 and abc2 windings (Te1 and
Te2) . Te is calculated from the sum of Te1 and Te2 (Te = Te1 + Te2) . Each of the torques produced by stator
windings makes a percentage of the total torque, and the sum of the percentages does not exceed 100. This
is an important feature of the standard operating mode of this motor. Figure 5c depicts the estimated rotor
fluxes via the voltage model in the proposed DSWIM drive. In addition, the phase currents of a1 and a2 are
shown in Figure 5d.

Figure 6 shows the behavior of the proposed sensorless DSWIM drive in response to the speed command
of 2 rad/s with the load torque value of 1 N.m. Figure 6a shows the behavior of the proposed MRAS based
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Figure 5. Simulation results of the proposed sensorless DSWIM drive based on MIMRAS as biobjective function. The
reference speed changes from 9 to 0.4 rad/s, the load torque drops from 4 to 2 N.m: a) Rotor speed profile, b) Torque
profile, c) Estimated rotor fluxes, and d) Stator currents ia1 and ia2 .

on a classical PI controller at the low reference speed of 2 rad/s. Figure 6b shows the suitable performance of
the proposed single-objective intelligent MRAS. Figure 6c shows the high accuracy of the proposed biobjective
MRAS at the low reference speed of 2 rad/s in the transient and steady states. Figure 6d demonstrates the
suitable behavior of the proposed single-objective intelligent MRAS compared to the proposed MRAS based on
a classical PI controller in the steady state. In addition, this figure shows the high accuracy of the biobjective
MIMRAS compared to the single-objective MIMRAS in the transient and steady states. In these methods, the
speed estimation error (ω̂r − ωr) is shown in Figure 6e. The proposed biobjective intelligent MRAS has better
accuracy compared to other methods at low speed.

4.3. Comparing the simulation results of the proposed control scheme with the conventional
method

In Figure 7a, the reference speed is 9 rad/s and the load torque value is 4 N.m. In Figure 7b, the reference speed
is 0.4 rad/s and the load torque value is 2 N.m. The torque per ampere ratio (T /I) produced in the DSWIM
drive for both the proposed and the conventional methods are shown in Figures 7a1 and 7b1 . The proposed
method has better T /I ratios compared to the conventional method. As reported in [2], in order to have an
appropriate torque-per-ampere ratio in the DSWIM, the motor has to work in its standard operating mode.
Figures 7a2 and 7b2 show the sum of the total loss (including conduction and commutation losses) of inverter
units in both the proposed and the conventional methods. The proposed method has considerable reduction in
losses compared to the conventional method.

The sum of the produced torques in the proposed and conventional methods is equal to the total torque.
In the conventional method, it is possible that the produced torque of one of the windings is greater than the
total torque. Nevertheless, in the proposed control method, the produced torque of each winding is always
smaller than the total torque. For Te > 0, the sum of the absolute value of torques produced in each stator
winding ( |Te1|+ |Te2|) is less in the proposed method than the conventional method. Thus, the improvement in
torque-per-ampere ratio and the reduction in total loss of the inverter units for the proposed method compared
to the conventional method are expected. In the conventional method, the free hardware capacity of the motor,
which normally includes losses, is used. The proposed method has an acceptable performance in terms of
inverter loss and increasing its efficiency.
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Figure 6. Simulation results of the proposed sensorless DSWIM drive in response to the speed command of 2 rad/s
with the load torque value of 1 N.m: a) Rotor speed profile in response to the proposed MRAS based on classical PI
controller, b) Rotor speed profile in response to the proposed intelligent MRAS based on single-objective function, c)
Rotor speed profile in response to the proposed intelligent MRAS based on biobjective function, d) Comparing the speed
estimation accuracy in the proposed methods based on MRAS, and e) Speed estimation error in the proposed methods
based on MRAS.

Figure 7. Simulation results of the conventional (M0) and proposed (M1) methods: Torque per ampere ratio (a1 and
b1) and Sum of the total loss (a2 and b2) (including conduction and commutation losses) of DSWIM drive inverter
units.
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In Figure 8, the percentages of the sum of total loss of commutation and conduction in the inverter
units of the DSWIM drive are shown in the proposed method compared to the conventional method for speed
commands of 0, 0.4, 3, 6, and 9 rad/s with load torque values of 1, 2, 0, 5, and 4 N.m, respectively. From this
figure, it is observed that the proposed control scheme has less power losses in the inverter units compared to
the conventional one at very low speeds with the light loads, the loss reduction is significant. In the proposed
control scheme, the produced torque of each winding is always smaller than the total torque. As shown in Figure
4, the total torque is equal to 2 N.m, whereas the abc1 winding produces more torque than what is requested
because of its constant excitation frequency.
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Figure 8. Decreasing the total loss (conduction and commutation losses) of the DSWIM drive inverter units in the
proposed method compared to the conventional method for speed commands of 0, 0.4, 3, 6, and 9 rad/s with torque
values of 1, 2, 0, 5, and 4 N.m, respectively.

4.4. Robustness of the proposed control scheme to the rotor resistance changes

Figure 9 shows the simulation results of the proposed sensorless DSWIM drive based on MIMRAS as biobjective
function for 0 to 60% variations in the rotor resistance. The speed commands are 5 and 10 rad/s with load
torque value of 1 N.m. The estimated and actual speed profiles are shown in Figure 9a. These figures show
that the sensorless DSWIM drive perfectly traces the low reference speeds in the transient and steady states
without any oscillations. The effect of rotor resistance variation on the sensitivity of the estimated rotor fluxes
in adaptive model of MIMRAS is shown in Figure 9b. These figures show that the sensitivity percentages of
φ̂s
dr1 and φ̂s

qr1 to rotor resistance in the adaptive model of the MIMRAS are less than 6% and 4% at speeds
of 5 and 10 rad/s, respectively. The estimated rotor-flux hodographs in sensorless DSWIM drive are shown in
Figure 9c. Figure 10 shows the simulation results of the proposed sensorless DSWIM drive based on biobjective
MIMRAS for 80% variation of the rotor resistance of the DSWIM. In Figure 10, the speed command is 3 rad/s
with the load torque value of 1 N.m. In Figures 10a–10d, it is observed that the performance of the proposed
sensorless DSWIM drive is suitable for 80% variation of the rotor resistance at low speed. Figure 10f shows that
the 80% variation in rotor resistance on the sensitivity of the estimated rotor fluxes in the adaptive model of
MIMRAS is less than 7% at the speed of 3 rad/s. In emotional intelligent controller, the Kp and Ki coefficients
of PI controller are corrected based on the new value of rotor resistance. In Figures 9 and 10, it is observed
that the proposed emotional intelligent controller based on biobjective function has a suitable robustness to
variations of the rotor resistance at low speed. The main advantage of the MIMRAS is its small sensitivity to
the rotor resistance changes.
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Figure 9. Simulation results of the sensorless DSWIM drive based on biobjective MIMRAS for 0 to 60% variations in
rotor resistance. a) Estimated and actual speed profiles, b) The effect of variation in rotor resistance on the sensitivity
of the estimated rotor fluxes in adaptive model of MIMRAS, and c) Estimated rotor-flux hodographs.

Figure 10. Simulation results of the sensorless DSWIM drive based on biobjective MIMRAS for 80% variation in rotor
resistance. a) Estimated and reference speeds profile, b) Load and electromagnetic torque, c and d) Stator currents abc1
and abc2 windings, e) Estimated rotor fluxes, and f) Sensitivity functions of the adaptive model.
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5. Conclusions
This paper presents the modeling of the biobjective brain emotional intelligent controller to improve the
performance of the sensorless DSWIM drive at low speed. The DSWIM studied in this paper has a standard
squirrel-cage rotor and a stator with two separate three-phase windings with different numbers of poles. In this
paper, the following two proposed topics were taken into account:

1. A technique was presented based on the rotor flux compensation in the drive control system of DSWIM
that solved the problem of the low rotor flux at low speed and reduced the inverter loss. This idea has two
advantages at low speed: 1. It was not essential to estimate the stator resistance, and 2. In the proposed
DSWIM drive, the motor worked in its standard operating mode. As a result, power losses in the inverter
units were reduced.

2. The modified intelligent MRAS is proposed for the speed estimation, at low speed. In the proposed
MIMRAS: 1. An integration algorithm was used instead of pure integrations of reference and adaptive
models, 2. The rotor flux components φs

dr and φs
qr in the MIMRAS reference model were generated

based on the rotor flux compensator idea, and 3. The adaptation algorithm was proposed based on brain
emotional learning as single-objective and biobjective functions.

The proposed control scheme has less power losses in the inverter units compared to the conventional
one. Simulation results confirmed the superior performance of the proposed sensorless DSWIM drive based on
the MIMRAS at low speed.
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Appendix
Power Rating = 2 hp,P1 = 2, P2 = 6 , Rs1 = 3.4Ω , Lls1 = 0.006 H, Rr1 = 0.61 Ω , Llr1 = 0.006 H, Lm1 =
0.336 H, Rs2 = 1.9Ω , Lls2 = 0.009 H, Rr2 = 0.55Ω , Llr2 = 0.009 H, Lm2 = 0.093 H, K1 = 0.333, K2 =
0.6, C1 = 0.01, C2 = 0.001, aec1 = 27, aec2 = 0.7, aec3 = 27.
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