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Modeling of single and bi-objective

brain emotional intelligent controllers

for improved performance of the dual stator
winding induction motor drive at low speeds
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Abstract. This paper models the single and bi-objective brain emotional intelligent controllers for the dual stator winding
induction motor (DSWIM) drive. The main purpose of this paper is performance improvement of the DSWIM drive control
system and power losses reduction of the inverter in the DSWIM drive at low speeds. In the vector control method, it is
difficult to estimate flux at low speeds. To solve the mentioned problem, researchers have used from the free capacity of the
two windings of the stator. This paper presents three proposed methods: 1. Using the idea of rotor flux compensation based
on classical PI controller at low speeds, the motor works in its standard operating mode; 2. Proposed Method 1 is reformed
and improved based on the bi-objective brain emotional controller; and 3. Proposed Method 2 is improved using single-
objective brain emotional controller in the speed control loops of the DSWIM drive. The proposed methods are simulated in

MATLAB/Simulink software.
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1. Introduction

Due to Ilimitations of classical controllers,
researchers are more likely to use intelligent con-
trollers. These controllers are modeled based on fuzzy
logic, artificial neural networks, Genetic Algorithm
(GA), Particle Swarm Optimization (PSO) methods
and etc. The intelligent controller based on fuzzy
logic is required system complete information and
the computation time is increased in online appli-
cations [26]. Also, the intelligent controller based
on neural networks is required large training data
for weight updating, especially in online applica-
tions [19-21]. Different kinds of techniques based
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on algorithm repetition (e.g., GA [9-17] and PSO
[7-28]) have a suitable performance but due to the
high complexity, computation time is long and need
to more expensive microprocessors. It is possible
that these algorithms fall in local minimum. The
application of the reinforcement-emotional models
has been succeeded in the control systems; one of
the control systems is electrical drive [6, 8, 26, 27,
30]. The controllers presented with biological mod-
els demonstration better performance and flexibility
for nonlinear problems comparatively classical con-
trollers [26-30]. The brain emotional learning is a
suitable method for adjusting the PI controller coeffi-
cients. It does not acts based on algorithm repetition.
As a result, its computation time is very short. Also,
it does not require system complete information. In
this paper, the brain emotional intelligent controller is
modeled as the single and bi-objective for improved
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performance of the dual stator winding induction
motor drive.

The DSWIM studied in this paper consists of a
stator with two separate symmetric three-phase wind-
ings with dissimilar numbers of poles and a standard
squirrel-cage rotor. Each stator winding is fed by
an independent inverter through a common DC-bus.
This motor has been introduced by Munoz and Lipo
[20]. Generally, the poles of the stator are chosen
in the ratio of 1 to 3 (e.g., 2:6 or 4:12) [20]. The
standard operating mode of a DSWIM is achieved
when the ratio of two frequencies feeding the motor
is equal to the ratio of the number of poles. The two
resulting rotating fields rotate synchronously. Con-
sequently, this operating mode leads to the proper
performance of the motor. The required condition for
the motor drive to have the maximum value of torque
per ampere ratio is working in its standard operating
mode [10]. A DSWIM is similar to two independent
three-phase induction motors that are mechanically
coupled. Therefore, speed control methods used for
three-phase induction motor (IM) are also applicable
to the DSWIM drive [5, 10, 20].

The most common method of speed control in
induction motors is vector control [13, 14, 19, 21].
This control method depends on flux estimation. In
this method, at low speeds, the estimation of the rotor
flux has noticeable sensitivity and error because the
voltage drop on the stator resistance is comparable
to the input stator voltage, thus disturbing the perfor-
mance of the motor drive. Therefore, at low speeds, an
appropriate level of the rotor flux is very important.
The adaptive control model based on torque func-
tion presented in [16] cannot be used at low speeds
due to voltage drop on the stator resistance. In [3,
12, 24], the stator resistance estimation has been uti-
lized at a low speed range to solve the problem of the
flux estimation of an IM. In [1, 2], different kinds of
reformed extended Kalman filter (EKF) algorithms
are proposed for improving the estimation of the flux
and torque. Different kinds of EKF algorithms are the
suitable algorithms for estimation, processed based
on algorithm repetition. Due to the high complex-
ity, computation time is long. These methods have a
good performance but need to more expensive micro-
processors. In [29], an IM flux estimation method is
presented based on a new integration method with a
closed loop DC offset compensation algorithm. This
scheme estimates an exact flux only when the system
parameters are known.

Based on conventional control methods of three-
phase induction motor, the DSWIM drive in its

standard operating mode cannot correctly track low
speeds. One of the features of DSWIM is that it has
two separate stator windings. Until now, researchers
have benefited from this hardware feature of the
DSWIM for solving the typical problem of speed con-
trol at low speeds. In the method proposed in [20], the
first winding is fed by an arbitrary constant frequency
(e.g., 0.05 p.u.) and the second winding is fed by a
variable frequency. Unlike the first winding, the sec-
ond one can produce negative and positive torques
dependent upon the desired speed and torque. Con-
sequently, by enforcing the first winding to work at an
arbitrary constant frequency, the two rotating fields
produced by the windings rotate asynchronously and
the motor deviates from its standard operating mode,
but the problem of drive for tracking low speeds
is solved. The vector control methods presented in
[23-31] are based on the seminal method presented
by [20]. The torque produced by the windings of the
stator is divided between them in such a way that
either the first winding or the second one will be
able to produce a negative or positive torque at low
speeds. The conventional control method leads to the
loss of optimal energy management at low speeds
in a DSWIM. The proper efficiency of this motor is
obtained when it works in its standard operating mode
[10]. At low speeds, the motor core loss is not signifi-
cant [22]. Therefore, minimizing the power losses of
the inverter unit with the lowest cost is important for
higher energy efficiency. The main purpose of this
paper is performance improvement of the DSWIM
drive control system and the power losses reduction
of the inverter unit at low speeds via the intelligence
ideas.

In this paper, the following items are
performed:

1. Using an extra classical PI controller, the rotor
flux is compensated at low speeds. As result
in, the motor works in its standard operating
mode. Therefore, the power losses of the uti-
lized inverters are also reduced to a considerable
extent (Proposed Method 1).

2. In next step, the idea of Proposed Method 1 is
performed via the existing PI controller in the
flux control loop of the DSWIM drive based
on bi-objective brain emotional controller. In
fact, both classical PI controllers in the flux con-
trol loop and the flux compensator in Proposed
Method 1 are combined as one intelligence PI
controller based on bi-objective brain emotional
controller (Proposed Method 2).
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3. In next step, the performance of Proposed
Method 2 is improved using single-objective
brain emotional controller in the speed control
loop of the DSWIM drive (Proposed Method 3).

The paper is organized as follows: Modeling of
single and bi-objective brain emotional controllers
explained in Section 2. A model of squirrel-cage
induction motor with two windings is presented
in Section 3. The proposed vector control of the
DSWIM drive using Proposed Methods 1, 2 and 3 are
explained in Section 4. Simulation results are given
in Section 5, and finally, the conclusion is presented
in Section 6.

2. Modeling of intelligent controllers based
on brain emotional learning

In this paper, the presented computational model
in [18] is used to model intelligent controllers for
improving performance of the DSWIM drive. A
scheme of the brain emotional learning system is
shown in Fig. 1(a) [18]. The emotional learning sys-
tem of Amygdala-Orbitofrontal (see Fig. 2) is used
for describing the proposed computational models in
[8]. The structure of the intelligent PI controller is
described by Equations (1)—(15) [8]. Learning is done
in Amygdala unit. As shown in Fig. 1(a) (expanded
model), Orbitofrontal Cortex (OC) is applied for
reformatting responses and Amygdala unsuitable
reactions. The emotional learning system response of
Amygdala-Orbitofrontal (MO) to sensory input (SI)
and emotional cue (EC) is as Equation (1).

MO =A0-0CO 1)

where AO and OCO are output of Amygdala and
Orbitofrontal cortex units, respectively. AO and OCO
are defined as Equations (2) and (3), respectively.

AO = G,SI 2
0CO = G,SI 3)

where G, and G,. are the equivalent gain of
Amygdala and Orbitofrontal units, respectively. The
learning law in Amygdala and Orbitofrontal units are
defined as Equations (4) and (5), respectively.

AG, = C;max(0, EC — A0) > 0 4)
AGoe = C2(MO — EC) (5)

where C; and C, are learning coefficients of
Amygdala and Orbitofrontal units, respectively.
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Fig. 1. (a) A scheme of the computational model based on the
brain emotional learning mechanism [18]. (b) The structure of
the proposed intelligent PI controller based on the brain emo-
tional learning as single-objective function (Aw, — 0), ¢) The
structure of the proposed intelligent PI controller based on the
brain emotional learning as bi-objective function (Ag,; — 0 and
ATe,‘ —> 0)

In Equation (4), due to using the operator “max”,
the gain of Amygdala unit always increases. Amyg-
dala unit could not forget whatever that it has been
learned previously. The gain of Orbitofrontal unit can
be changed as positive or negative to reform well the
unsuitable responses of Amygdala unit [8]. Equation
(6) is written by compounding Equations (1)—(3).

MO = (G4 — Goe)SI = G(SILEC,..)SI (6)

In this paper, the intelligent controller is used as a
PI controller. Therefore, S1 is defined as Equation (7).
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Fig.2. Amygdalaand Orbitofrontal cortex in the human brain [15].

t
SI = K &+ K; /sdt )
0

where K, and K; are proportional and integral coef-
ficients, respectively. £ is defined as the error signal.
For obtaining G, (¢), Equation (4) can be written as
Equation (8).

Ga(t + A1) — Ga(0)

N = C,.max(0, EC(t) — AO(1))

(®)
where C/1 is learning rate in Amygdala unit (C;, =
C1/At). It is easy to obtain Equation (9). G, (¢) can
be obtained using Equation (9) as Equation (10).

%Ga(t) = C/l max(0, EC(t) — AO(¢)) ©))

t
Ga(t) = C) / max(0, EC(t) — AO(t))dt + G4(0)
0

(10)

For obtaining G, (¢), Equation (5) can be written
as Equation (11).

Goc(t + At) - Goc(t)
At

= C,(MO(t) — EC(t))
(11)

where C ’2 is learning rate in Orbitofrontal unit (C,2 =
Cy/At). Itis easy to obtain Equation (12). G, (¢) can
be obtained using Equation (12) as Equation (13).

d

7 G = Co(MO(1) — EC(1)) 12)

t
Goelt) = Cy / (MO(t) — EC())dt + G, (0)
0

(13)
EC can be formulated based on required objec-
tives [8]. In this paper, it is defined as Equations (14)
and (15).
Single-objective (Aw, — 0):

EC = aoe1 . Awy + Gee2 T (14)
Bi-objective (A¢,; — 0 and AT,; — 0):
EC = aec1. Agri + aec‘2~i:§si + Qo3 . ATei (15)

where dec1, aec2 and a3 are input coefficients
of EC function; Aw,, AT, and Ag,; are rotor
speed, electromagnetic torque and rotor flux errors,
respectively; T and ij; are the total reference
electromagnetic and the stator reference current in
d-axis, respectively. The proposed intelligent PI con-
trollers are shown in Fig. 1(b) and (c) based on
single and bi-objective emotional learning system of
the brain Amygdale-Orbitofrontal units, respectively.
Concisely, the algorithm to plan the brain emotional
controller is considered as follows:

Step 1. The design of emotional intelligent controller
begins with initiation of sensory signal function (S7)
with Equation (7).

Step 2. The correct selection of emotional cue
enhances the signal connection of Amygdala and
Orbitofrontal unit to achieve desired response. It is
modeled with Equations (14) or (15) and the signal
is delivered to Amygdala and Orbitofrontal units.

Step 3. Amygdala is designed with Equation (2). The
amygdala gain (G,) is modeled with emotional cue
and learning rate (C/]). The max term makes in the
learning equation makes Amygdala output always a
high value.

Step 4. Amygdala’s response reformed with
Orbitofrontal unit learning model with Equation (2).
Orbitofrontal unit gain (G,.) is designed with EC,
MO, and learning rate in Orbitofrontal unit (C/z).

Step 5. Amygdala and Orbitofrontal units signals are
generated MO with Equation (1). If generated MO
match with required response of the plant then pro-
cess stop here otherwise go to step 1.

In this paper, the brain emotional controller is
designed to control the rotor speed and the rotor flux
in the DSWIM drive.
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3. Machine model

The d-g equations of the voltage signal in a
DSWIM with different numbers of poles can be
expressed in complex form as Equations (16) and
17) [25].

V = ra'iiqui + p)\'

qdsi

(16)
=0 (17)

qdsi —J w)\'qui

Veari = Vil + PA

qdri

qdri - ]((l) - wri))\'qdri

where i can be 1 or 2, presenting the parameters
and state variables of each three-phase stator winding
(abcl and abc2). wy; is the rotor electrical speed; w is
the electrical rotating speed of the common reference
frame; V45 and Vg, are stator and rotor voltages on
the g- and d-axis, respectively; igqsi and iyqy; are stator
and rotor currents on the g- and d-axis, respectively;
Agdsi and Ayqr; are stator and rotor flux linkages on
the ¢- and d-axis, respectively; ry; and r,; are stator
and rotor resistances, respectively, and p =d/dt. The
stator and rotor currents can be expressed in terms of
the flux linkages as Equations (18) and (19).

Lri Lmi

iqui = E)quri - E)‘qdri (18)
. Lg; Ly
lgdri = Fj)\qdri - ?mil)‘qui (19)

where L,,; is the magnetizing inductance; L,; and
L; are rotor and stator inductances, respectively, and
D; = LgL, — L2,;. By substituting Equation (18)
into Equation (16) and Equation (19) into Equation
(17), the voltage equations become Equations (20)
and (21).

TsiLyi Tsi Lini

qusi = D; qdsi — Ti)\qdri
+Phgdsi — jwhqdsi (20)
ryiLsi Tri Lmni
0= D; qdsi — Ti)\qui
+p)‘qdri — Jo— wri))hqdri 21

The electromagnetic torque (7;) for each stator
winding is given in complex variable form by Equa-
tion (22).

3P -
T, = = Im(Aygsi.i dqsi) (22)

T 22

where P; is the pole number for windings, i=1 or 2.
The total electromagnetic torque (7,) of a DSWIM is
the sum of produced torques via both stator windings,
which is given as Equation (23) [20].

3P *
Te = Te] + TeZ = Ejlm()\.qul ldqsl)

3P .
+E jlm()hquZ ldqu) (23)
Rotor electrical speeds w1 and w,2 can be defined
in terms of the rotor mechanical speed (w,) as Equa-
tion (24) [23].
P;

Sor (24)

Wyj =

The air-gap flux linkage is expressed as Equa-
tion (25).

)‘qdmi = Lmiiqui + Lmiiqdri (25)

The currents are eliminated by substituting Equa-
tions (18) and (19) into Equation (25). Therefore, the
air-gap flux linkage of each stator winding can be
stated in terms of rotor and stator flux linkages, as
Equation (26). The total air-gap flux linkage is the
sum of the two separate air-gap flux linkages, which
is defined as Equation (27).

Liyi Lyi LisiLyi
)qumi = St )&qui + MAqdri (26)
i D;
Liy1 Lt Lis1 Lini
)qum = Tl qds1 + Tl)tqdrl
Ly L2 Liso L2
" Agas2 + VD2m hgarz  (27)

D,

The mechanical equation of the machine is
explained by Equation (28).

K1
pPwr = T()\drllqsl - )\quldsl)

) 17
+7()‘-dr21qs2 - )LquIdSZ) - 7 (28)

where J is the inertia coefficient, K, =
QBP1/A(Lm1/Lr1), and Kep = 3P2/4)(Lm2/Lr2).
The equivalent circuit of a DSWIM is shown in [20]
using d-q notation. The low-pole number winding
is referred to as abcl and the high-pole number
winding as abc2.

4. The proposed vector control of the DSWIM
drive using Proposed Methods 1, 2 and 3

In the direct vector control of the voltage model,
Equations (29)—(35) are utilized for generating
feedback signals [4-20].
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wcslqsi = /(vflqsi - RSiiflqsi)dt (29)
Gyami = Pdsi — Lisilyasi (30)
Pigri = (Lri/ Lmi)Pagmi — Liritggsi 31
T.i = (3Pi/4)((pfjsii;si - @;Siifm‘) (32)
Gri = (<me-)2 + (@})? (33)
08 Oci = Qi [ Pri (34)
SinOci = @,/ Pri (35)
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where ¢); and (pflsi are stator d- and g-axis fluxes,
respectively; ¢3.. and gofm- are rotor d- and g-axis
fluxes, respectively; L5 and Lj,; are stator and rotor
leakage inductances, respectively; ¢y, ; and (p;mi are
d- and g-axis air-gap fluxes, respectively. The block
diagram of the DSWIM drive using based on Pro-
posed Methods 1, 2 and 3 is shown in Fig. 3 where K;
and K> are the torque-sharing factor and the flux coef-
ficient, respectively. In Fig. 3, there are five manual
switches where labels 1, 2 and 3 represent Proposed
Methods 1, 2 and 3, respectively. As shown in Fig. 4,
rotor fluxes can be estimated from the values of
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Fig. 3. The block diagram of proposed methods of the DSWIM drive.
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air-gap fluxes as Equation (31). Also, air-gap fluxes
(¢}, and gogm) can be estimated from stator fluxes as
Equation (30). The stator flux in the drive control
system of a DSWIM is directly obtained by inte-
grating the electromotive force as Equation (29). The
pure integrator has the problem of DC offset to solve
which the algorithm presented in [11] is utilized. The
block diagram of the integration algorithm is shown
as dashed lines in Fig. 4.

4.1. Proposed Method 1 based on rotor flux
compensation model

The direct vector control depends on the estima-
tion of the rotor flux. At low speeds, the voltage drop
on the stator resistance is comparable with the input
voltage. As a result, the rotor flux cannot be effec-
tively established, which makes the operation of the
controller difficult at low speeds. A low flux results in
alow induced torque which cannot drive the DSWIM.
If the torque error always exists (AT, # 0), then the
actual torque T, is always less than the reference
torque 7. In Proposed Method 1, the rotor flux is
compensated with a classical proportional and inte-
gral (PI) controller whose input is the electromagnetic

torque error. The rotor flux is compensated when the
torque error (AT, # 0), exists. In fact, the objective
of the speed control drive is to reduce the electromag-
netic torque error to zero, which in turn reduces the
speed error to zero.

At low speeds, the estimated rotor flux is not equal
to its actual value. In order to compensate for the
main reference flux @+,;_,, the component of A is
employed. This component is generated by the flux
compensator and adjusts the main reference flux to be
@f = ¢, + Ag?. This method directly establishes
an effective rotor flux without estimating the stator
resistance.

In the proposed control method for 7, > 0, the
total electromagnetic torque is defined as 7T, =
To1 + Ty = |Te1] + |Te2|, although it is defined as
Te = Te1 + Tz # |Te1| + | Te2| in the conventional
method.

4.2. Proposed Method 2 based on bi-objective
brain emotional intelligent controllers

The control system of the DSWIM drive has two
main control loops (rotor flux and speed control
loops). The flux control loop has a classical PI con-
troller. In Proposed Method 1, the output value of the
rotor flux compensator is added to the input value of
the existing PI controller in the flux control loop. In
fact, i :;Si is generated via the rotor flux error and elec-
tromagnetic torque error to reduce the speed error to
zero at low speeds. In Proposed Method 2, both clas-
sical PI controllers (PI controller of the rotor flux
compensator and existing PI controller in the flux
control loop) is combined as one intelligent controller
based on bi-objective brain emotional learning. The
first and second objectives are the reduction of the
rotor flux error and the electromagnetic torque error,
respectively (see Fig. 1(c)). In Proposed Method 2,
EC is defined as Equation (15).

4.3. Proposed Method 3 based on single and
bi-objective brain emotional intelligent
controllers

To having a high performance and accuracy in the
DSWIM drive, particularly at low speeds, adjusting
K, and K; coefficients are important in the classical
PI controller of the speed control loop.

In Proposed Method 3, the performance of Pro-
posed Method 2 is improved by tuning K, and
K; coefficients of the classical PI controller in the
speed control loop using the brain emotional learning



1678 H. Moayedirad and M.A. Shamsi Nejad / Modeling of single and bi-objective brain emotional intelligent controllers

as single-objective. The main purpose of Proposed
Method 3 is the speed profile improvement of the
DSWIM drive in all the applications with speed faster
response with low steady state error and low sen-
sitivity to disturbance in load. Hence the Proposed
Method 3 gives superior responses for high perfor-
mance applications of drive. In Proposed Method 3,
EC is defined as Equations (14) and (15) for intelli-
gent controllers.

In the Proposed Methods 2 and 3, the brain emo-
tional learning is a suitable method for adjusting the
PI controller coefficients and its computation time is
very short. As reported in [26], due to low complex-
ity, the emotional intelligent controller is suitable for
real time and on-line application.

5. Simulation results and discussions

The simulation of the dual stator winding
squirrel-cage induction motor drive is performed in
MATLAB/Simulink to evaluate the proposed ideas.
The parameters of the DSWIM drive are given in
the appendix [10]. The parameters of the utilized
IGBT/Diode are selected from SKM40GDI123D
IGBT. The simulation has been run in the following
four models:

1. The conventional control model of a DSWIM
drive (conventional method).

2. The proposed control model of the DSWIM
drive based on rotor flux classical compensators
(Proposed Method 1).

3. The proposed control model of the DSWIM
drive based on bi-objective brain emotional
intelligent controllers (Proposed Method 2).

4. The proposed control model of the DSWIM
drive based on single and bi-objective brain
emotional intelligent controllers (Proposed
Method 3).

The performance of Proposed Methods 1, 2 and
3 is tested at difference operating conditions of the
DSWIM drivei.e. constant speed, change in reference
speed and load. The sum of total power losses of
commutation and conduction in the inverter unit of
the DSWIM drive are shown in Proposed Methods 1,
2 and 3 compared to the conventional method.

Figure 5 shows the performance of the DSWIM
drive for the conventional method and Proposed
Methods 1, 2 and 3 at constant low speed of 2 rad/s
with constant load of 2 N.m. The simulation objec-
tive in Fig. 5 is to present the performance of the

conventional and proposed methods in tracking of the
rotor speed and estimating of the rotor flux at constant
low speed. Figure 5(a) shows the speed tracking of
DSWIM drive in all four methods, from the figures
it is observed that the DSWIM drive based of Pro-
posed Method 3 perfectly tracks the low reference
speed in the transient and steady states without any
oscillations. Figure 5(b) shows the total electromag-
netic profile (7). Figure 5(c) shows the profiles of the
torque produced by abcl and abc2 windings (7, and
T,2) in all four methods. The sum of produced torques
in the proposed and conventional methods is equal to
the total torque. In the conventional method, either
the first or the second winding is usually fed by a
constant frequency source at low speeds, and the fre-
quency of the second winding is determined based on
the requested speed and torque. Since the excitation
frequency is held constant at a minimum value in the
first winding, the second winding can work in either
motor or generator operating mode. In other words,
the algebraic sum of the torques produced by abcl
and abc2 windings has to be equal to the requested
torque. As shown in Fig. 5(c), T¢2 in the conventional
method is negative (generator operating mode) and
in Proposed Methods 1, 2 and 3 is positive (motor
operating mode). In all four methods, the value of
T, is equal to T,1 4 T¢p. In all three proposed meth-
ods, 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 5(d) shows the rotor flux estima-
tion. The conventional method has the suitable rotor
flux estimation in the steady state. In the conven-
tional method, the first winding has fed by a constant
frequency (0.05 p.u.).

Proposed Method 1 is based on rotor flux clas-
sical compensators and it has solved the problem
of the rotor flux estimation at low speed. Unlike
the conventional method, in Proposed Method 1 the
two rotating fields produced by the windings stator
rotate synchronously and motor works in the stan-
dard operating mode. In Fig. 5(d), it is observed that
Proposed Method 1 has a suitable rotor flux level at
low speed. As shown in Fig. 5(d), Proposed Method 2
has improved the performance of Proposed Method 1
in the transient and steady states. In Proposed Method
2, both classical PI controllers in the flux control
loop and the flux compensator are combined as one
intelligence PI controller based on bi-objective brain
emotional controller. Proposed Method 3 has the suit-
able rotor flux estimation in the transient and steady
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Fig. 5. Simulation results of the DSWIM drive using the conventional method and Proposed Methods 1, 2 and 3 at constant low speed of 2
rad/s with constant load of 2 N.m. a) Rotor speed profile, b) Total electromagnetic torque profile, c¢) Electromagnetic torque profile of abcl

and abc2 windings, d) Rotor flux, and e) Stator currents i, and i,».

states as perfectly as Proposed Method 2. As shown
in Fig. 5(d), Proposed Methods 2 and 3 have better
response compared to Proposed Method 1 and the
conventional method. The phase currents al and a2
are shown in Fig. 5(e).

Figure 6 shows the performance of the DSWIM
drive for the conventional method and Proposed
Methods 1, 2 and 3 at constant low speed of 2 rad/s
with constant load of 2 N.m. The simulation objective
in Fig. 6is to compare the performance of the conven-
tional and proposed methods in tracking of the rotor
speed (see Fig. 6(a)) and reducing of the the sum of
the total power losses (including conduction and com-
mutation losses) in the inverter unit (see Fig. 6(b))
at constant low speed. Figure 6(a) shows the speed
response of all four methods. It clearly shows that
the response time of Proposed Method 3 is small and
it tracks the reference speed without any peak over-
shoot and transient oscillations. Figure 6(b) shows the
sum of the total power losses (including conduction
and commutation losses) of inverter unit in all four
methods. It is observed that all three proposed meth-
ods have considerable reduction in losses compared
to the conventional method. The sum of produced
torques in the conventional and proposed methods is
equal to the total torque (see Fig. 5(b)). In the con-
ventional method, it is possible to be the produced
torque of one of the windings greater than the total

torque. As shown in Fig. 5(c), the value of T, is
greater than requested torque. For 7, > 0, the sum of
the absolute value of torques produced in each stator
winding (|T1| + |T2]|) is less in the proposed method
than the conventional method. Thus, the reduction
in total power losses of the inverter unit for the pro-
posed methods compared to the conventional method
is expected. Proposed Methods 2 and 3 have the same
value of the total power losses in the inverter unit and
have less total power losses compared to Proposed
Method 1.

In Fig. 7, the DSWIM drive tracks the reference
speed value as 9-6-3-0 rad/s at the time interval
of 0-1.5-3-4.5s with constant load of 2N.m. The
simulation objective in Fig. 7 is to compare the per-
formance of the proposed methods in tracking of the
rotor speed (see Fig. 7(a)) and estimating of the rotor
flux (see Fig. 7(c)) in the reference speed changes. As
shown in Fig. 7(a), there is not any peak overshoot
in the speed response of the DSWIM drive based
on Proposed Method 3. In Proposed Method 3, PI
controller of speed control loop is as single-objective
brain emotional controller. Figure 7(c) shows the suit-
able estimation of the rotor flux in the transient and
steady states for Proposed Methods 2 and 3 compared
to Proposed Method 1. Stator currents of the abcl and
abc2 windings (igpc1 and igpe2) are shown in Fig. 7(d)
and (e), respectively.
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Figure 8 shows the test of the dynamic loading
capability of the DSWIM drive by sudden applica-
tion of load disturbance of 8 N.m at 3 s at constant
low speed. As shown in Fig. 8(a), when sudden load
applied on the DSWIM, change in the speed pro-
file is observed as a dip. It is observed that Proposed
Method 3 has a very small dip compared to Proposed
Methods 1 and 2. In Proposed Methods 1 and 2, dip
in the speed profile is observed before it attains to the
reference speed.

As shown in Fig. 8(b), the total electromagnetic
torque response of Proposed Method 3 shifts to new
value without transient variation with less torque
ripples. As shown in Fig. 8(c) and 8(d), stator cur-
rents of the abcl and abc2 windings (igpe1 and igpe2)

of Proposed Method 3 attain to new value with-
out any transients at the time of load disturbing
applied.

In Fig. 9, the percentages of the sum of total power
losses of commutation and conduction in the inverter
unit of the DSWIM drive are shown in Proposed
Method 3 compared to the conventional method for
speed commands of zero, 0.4, 5, and 10 rad/s with
load torque values of 3, 1, 0, and 2 N.m, respec-
tively. Proposed Method 3 has better power losses
of the inverter unit compared to the conventional
method. In the proposed control methods, the pro-
duced torque of each winding is always smaller than
the total torque. As shown in Fig. 5(c), the total torque
is equal to 2 N.m, whereas the abc1 winding produces
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posed Method 3 compared to the conventional method at different
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more torque than what is requested, because of its
constant excitation frequency.

The performance of the DSWIM drive using Pro-
posed Method 3 is shown better performance in terms
of less settling time speed with reduced overshoots
compared to other methods. Simulation results con-
firmed the superior performance of Proposed Method
3 in all the application.

The proposed work is yet to achieve popularity for
wide usage and future scope of research lies in two
areas: 1. Improving intelligent controllers to achieve

the robustness performance to the motor parameters
variation; and 2. Presenting an intelligent structure
based on the brain emotional learning system for the
rotor speed estimation.

6. Conclusions

This paper presents modeling of single and bi-
objective brain emotional intelligent controllers for
improving performance of the DSWIM drive. The
DSWIM studied in this paper has a stator with two
separate symmetric three-phase windings with dis-
similar numbers of poles and a standard squirrel-cage
rotor.

The main purpose of this paper is performance
improvement of the DSWIM drive control system and
power losses reduction of the inverter in the DSWIM
drive atlow speeds using the intelligent methods. This
paper presents three proposed methods:

1. Using the idea of the rotor flux compensation
based on classical PI controller at low speeds,
the motor worked in its standard operating
mode. Therefore, the power losses of the uti-
lized inverters reduced to a considerable extent
(Proposed Method 1).

In Proposed Method 2, the idea of Proposed
Method 1 was performed via the existing
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PI controller in the flux control loop of the
DSWIM drive based on bi-objective brain emo-
tional controller. In fact, both classical PI
controllers in the flux control loop and the flux
compensator in Proposed Method 1 are com-
bined as one intelligence PI controller based on
bi-objective brain emotional controller.

In Proposed Method 3, the performance of
Proposed Method 2 was improved using the
single-objective brain emotional controller in
the speed control loop of the DSWIM drive.

The performance of the DSWIM drive considered
in different test conditions. Proposed Method 3 had
better performance in terms of less settling time speed
with reduced overshoots compared to other methods.
Proposed Methods 1, 2 and 3 had better power losses
of the inverter unit compared to the conventional
method.
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Appendix

The parameters of the 2-hp 2/6 DSWIM and
the proposed intelligent controllers: Rs1 = 3.4 €2,
Lis1 =0.006H, R,y =0.612,L;;1 =0.006H,L,,;
=0.336H, Rp = 19Q, Lii» =0.009H, R =
0.55%, L;,,=0.009H, L,,»,=0.093H, K;=0.333,
K> =0.6, C1 =10, Cy = 10, aec1 = 200, aec2 =
0.7, Gee3 = 27.



