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Abstract—This paper proposes an enhanced brain emotional
learning-based intelligent controller (BELBIC) for synchronous
reluctance motor (SynRM) drives. The controller is based on an
emotional learning and decision making mechanism in the brain
via emotional cues and sensory inputs. Furthermore, the
enhanced controller improves learning process in the amygdala
to avoid internal instability. In spite of the development for
interior-stability, the proposed controller could keep its ability to
deal with challenges related to SynRM drives. The proposed
controller is also contributed with a speed deviation control. The
new deviation controller is based on model, but parameter-free.
The updated system is implemented in real-time by a PC-based
three-phase 370 W laboratory SynRM. The PI controllers used in
a standard rotor field-oriented control structure are replaced
with those of the proposed method. The speed and d-axis stator
current references are accurately tracked. The achieved
performances by the proposed controllers are compared with
those of optimized conventional PI controller in different
situations. Considering the results, the enhanced system shows
superiority over the traditional system in terms of fast dynamics,
easy tuning and robustness against disturbances and parameter
variations.

Index Terms—Emotional controller, deviation control, motor
speed control, synchronous reluctance motor.

1. INTRODUCTION

N recent years, the synchronous reluctance motor (SynRM)

has received much attention for many applications due to its
low temperature, simple and rugged rotor construction [1], [2].
Moreover, the development of vector control technique has
made it possible to achieve an AC electrical drive having high
dynamic responses [3], [4]. The vector control methodology of
synchronous reluctance motor has been improved to obtain
optimum operation at maximum torque per stator current and
voltage, high efficiency and high power factor [3]. These
approaches have been usually implemented with conventional
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controller such as PI one [3]. Some disadvantages of the
controllers, consisting of controller tuning and dependency on
parameter and operation point variations, have been overcome
by some nonlinecar methods like variable structure control
(VSC) [5], [6].

By knowing the boundaries of the system and grouped
uncertainties, some challenging uncertainties including
parameter variations and disturbances can be rejected by VSC.
However, specific and reliable system uncertainty boundaries
are difficult to obtain for practical applications. Using high
gain control to improve disturbance rejection has been
proposed in multi-segment sliding mode control [6]. In
addition, there are predictive methods, which are usually
based on a machine model. However, it is difficult to develop
mathematical models of the system accurately because of
unknown and unavoidable parameter variations [7], and to
deal with the matter, parameter estimation methods are
employed, which are usually either time consuming or
computational intensive [8]. In another approach, some model
free control methods have been proposed based on predictive
process [9]. In [9], although a model free predictive current
control is proposed to deal with tracking current references,
torque or speed control is not discussed. Albeit various
advanced control methods have been proposed to deal with
challenges of the controllers in torque control mode, using
conventional speed controllers are common [10].

Moreover, by appearance of intelligent controllers, motor
drives have enjoyed some advantages in terms of fast
dynamics, adaptation, self-tuning, or even auto learning [11],
[12]-[17]. Notwithstanding the versatility of the intelligent
systems, many of the practical applications require large
computational burden to handle the complexity and real-time
constraints of these systems [12]. To answer to the drawbacks,
Brain Emotional Learning based on intelligent controller
(BELBIC) has been proposed by C. Lucas for control
applications [13]. In recent years, BELBIC has been
developed and used with minimal modifications in control
devices for different industrial applications [14-17].

For electrical drive control applications [18], the
conventional BELBIC is represented by Rahman et al. [19].
The speed control of non-linear interior type permanent
magnet synchronous motors (IPMSMs) using the BELBIC
method is compared with a PID controller in terms of dynamic
responses and accuracy. Moreover, a comparative study is
done in [20] for IPMSM drives based on BELBIC, fuzzy
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controller, and optimal PI controller. Furthermore, in [20]
some of the control strategies such as; Maximum Torque per
Ampere (MTPA) control and flux weakening (FW) control are
successfully applied. In [21] a speed controller is implemented
for a SynRM by using the conventional BELBIC, which
excludes a detailed study of the motor drive performance and
the controller drawbacks. In addition, an improved SynRM
drive system based on emotional controller and MTPA
strategy was presented [4]. The results show a superiority of
the proposed controller over an optimal PI controller.
Notwithstanding all the reported benefits, the internal
instability attributed to the controller in a long run time, has
not been considered, [14]. In [22] an improved BELBIC with
integral anti-wind up (IAW) is introduced for this problem.
Although the solution avoids increasing integral value, it
causes the learning process faced with tribulations because it
removes learned data when reaching saturation level of the
integral. In another attempt [23], a self-tuning BELBIC based
on fuzzy inference is designed to tune online reward function.
Although interior stability is claimed, amygdala is still
suffered from increasing learning weight during the variable
operating conditions.

In this paper, an improved version of the BELBIC is
presented to avoid the internal instability, which in fact occurs
by increasing the amygdala learning weights. Thereby, using
the proposed approach not only the emotional controllers have
more effective operation but also enjoy a more reliable role in
comparison with the past. Despite keeping simplicity, the
control is achieved by quick auto learning, proper tracking of
references adaptively, and independence of system parameters
variation, which results in performance improvement. In fact,
the proposed version of BELBIC not only keeps the previous
advantages but also rejects probability of interior-instability.

Furthermore, PI speed regulator is replaced by a deviation
format equation. Deviation models are usually used to
facilitate our understanding of dynamic variations in general
[24]. Also, this technique is employed for drive applications to
achieve control laws such as combined control (CC) [25], or
system analysis [26], [27]. Normalized version of the
approach is proposed as speed deviation controller (SDC) and
torque deviation controller (TDC), respectively. In the present
case there is no need for PI calibration and the dynamic
response of closed-loop control is invariant with the torque
and speed operating point (whereas PI regulators would
require gain adaptation throughout the torque-speed domain)
[4]. In fact, unlike other drive systems based on the
conventional PI controllers, the proposed technique based on
SDC-BELBIC enjoys auto learning, parameter-free and the
controller coefficients are adaptive, which facilitates FOC
control for any electric drive in general.

In this paper, the conventional and deviation SynRM
models in the rotor-oriented reference frame are given in
section II. In section III, the mathematical model of the novel
intelligent controller based on developed limbic system is
presented. A block diagram of the proposed system is
explained in section IV. Hardware implementation is
presented in section V, and the experimental and simulation

2

results are presented and discussed in section VI. Finally, the
concluding part of the paper is presented in section VII.

II. SYNRM MODEL

In the synchronously rotating reference frame, the d-q axis
equations for the SynRM, including iron losses, could be
described in the rotor reference frame as [28]:

Vds :(Rs.ids +pL;i)ldT _a)er.iqT, (1)

Vgs = (R 'iqs +pL21)iqT + Qo d s )
L, =( Rs )L L, =( Bs )L (3)
= + — , = + — ,
d R, d q R, q

where p indicates differential operator, v ds and Vgs are stator

voltages, i dT and torque-producing  current

igT are
components, L , and L are stator inductances, which are all
in d- and g-axis rotor reference frame. R;and R are iron
losses and stator resistances respectively, @, is the rotor
electrical angular velocity. The electromagnetic torque could
be given as [28]:

Te:KTidTiqT’ 4
where Kp = ﬁ.(L 7Ly is the torque constant and P denote

4

the number of poles. The motor torque could be controlled by
g-axis current i qT> while the d-axis current i AT is assumed

constant. In addition, the electromagnetic torque could be
rewritten as follows:
3P 2 .
T, = AS(Ld—Lq)sm25 %)
8L qu

where “Ag” and “ O ” are stator flux linkage and load angle,

respectively.
A deviation transfer can be generally achieved by
differentiating a dynamic equation. After that, differential

operator is changed to deviation operator A as follows:

= f(x.y) —2> dz = F(x,dx, y,dy)

ﬂ) Az = F(x,Ax, y,Ay),

(6)

€699 €9 [T }]

where, “x”, “y”, and “z”, are typical independent and
dependent variables, respectively. Also, “f’, “F” are functions
based on the variables. Here,“ A ”, as deviation operator,
denotes a small deviation of the respective variable from the
operating point. So, the torque (5) is transferred into a
deviation form as:

5 AL
AT = [/1 (L -L )sinZﬁJ(—s+cot 20A5). (7)

e 4L L s d q A

q S

Although in [29] nominal values are proposed for
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normalizing equations, it can’t guarantee parameter

independency when parameter variation considered. Hence, to
get rid of parameter dependency in (7), it is divided by actual
torque (5). Normalized version of the deviation equation (7) is
achieved, as:

AT, = 2A0g, +2cot 26A6. ®)

In addition, torque deviation can be rewritten by considering
(4) as:

Aoy = Migp, +Aiyp,. )

where all the elements with index “ # ” are normalized values.
The achieved deviations (8)-(9) represent dynamic free-
parameter equations, which can be employed in control system
design and analysis.

III. LiMBIC SYSTEM MODEL

The main aim of the work is to present a structural model
based on the limbic system of mammalian brain where
emotional learning is done, for decision making and control
applications. A conventional model of the emotional system is
shown in Fig. 1. Here, it is presented conventional emotional
model with minimum explanation since precise explanation is
available in many literatures such as [4]. Consequently,
BELBIC model can be summarized as:

E=A+4, -0, (10)

where E, A, An, and O are model output, the first and second
outputs of Amygdala, and orbitofrontal output, respectively.
The outputs of the mentioned internal areas could be
computed as follows:

A =VirSen> (1
A=S.V, (12)
O=(S,+S,, W, (13)
Se=S®e M, (14)

where Vand W are weights of the amygdala and
orbitofrontal connections, .S, S, t, and k are sensory input,

sensory-cortex output, time, and time constant respectively
[4]. Deviation of ¥ and ¥ can be calculated as:

AV =a (max(0,5¢ (R—A)),

t (15)
V@):éAWh+V«u

AVth = a(max(O, Sth (R- Ath ))

t (16)
Likewise, the output “ E'” is obtained by subtracting output
“ 4 from inhibitory output “O” as:

E'=A—0, (17)

ww g (sl )

¢ (18)
W= (j) AWdt + W (0),

where & and /[3 are the learning steps in the amygdala and

orbitofrontal cortex, respectively. Also, R is the value of
emotional cue function at each time. The learning rule of the
amygdala is given in (16), which cannot decrease. It means
that it does not forget information in the amygdala. Whereas,
idiomatically inhibiting (forgetting) is the duty of orbitofrontal
cortex (13). Eventually, model output is obtained from (10).
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Fig. 1. a) Emotional system, Graphical depiction of the BELBIC [4]. b)
General control system configuration by using the emotional controller,

If BELBIC output (10) is rewritten with considering
relationships (11)-(13), the equation can be presented as
follows:

E = A+Ath -0

=(V—W)SC +(Vth_W)Sth’ (19)

t
Vy=V-W= (I)(AV — AW)dt +V (0) — W (0),

t

As a conclusion of the above relationships can be given as:

E=VySc+VyrSys (20)

where V> and Vi, are named as new learning weights, which
used instead of the amygdala weights (15) and (16), so that the
new functions (V>&Vu2) can be increased/decreased in
contrast to the primary ones (15&16) that only can be
increased because of applying a maximum term. The problem
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of increasing the amygdala learning weights until reaching
saturation level of related integrals, which may occur during
learning process in the amygdala, is resolved by using both the
new functions. On the other words, in the proposed functions,
both variations of the amygdala weights decrease by applying
the orbitofrontal learning (19) before charging their integrals.
Fig. 2(a) shows these signals, so that V2&Vth2 can be
decreased/increased; on the contrary, V" and Vth signals only
can be increased, as shown in Fig. 2(b). This matter can come
instability at a long operation in the conventional system. In
the proposed solution, not only any learned data (information)
is not lost but also it avoids unpermitted increase in the
amygdala.

0.626
0

0.2 0.4 0.6 0.8 1
(a) Time (s)

0.61

S

e
&

0.59

0.58
0.57

Amygdala learning, V

<

0.2 0.4 0.6 0.8 1

o
)
N

0.218

0.216

Amygdala learning, V th

o
)
o
N

0.2 0.4 0.6 0.8 1

(b) Time (s)
Fig. 2. The amygdala learning weights, a) proposed functions (V.&Vy), b)
primary functions (V&Vy).

Fig.1(b) shows the BELBIC controller configuration. The used
functions in emotional cue R and sensory input S blocks can
be given by the following relations:

R=f(e,»,yp),

S=gle.y.yp)

In this research, the functions f and g are given by relations:

ey
(22)

g =kje+k,Jedt,
(23)
gy = kle.|jedt|,

f=K1|e|+K2|e~y|+0.5max((‘yp‘—yMax),O), (24)

where e, y, y p and y Max A€ system error, controller output,

system output and maximum output, respectively as shown in
Fig.1(b).
The terms k1 - k2 ,and K 1 -K y are gains, which tuned for

designing a suitable controller. Initial values including V(0),
W(0), o and S should be chosen by trial and error. Moreover,

functions “R” and “S” are selected for emotional signal
generation.

In this proposed controller, learning process of the thalamic
stimulus is separated from that of sensory cortex stimuli in the
amygdala (15), (16). In addition, a simple low-pass filter is
used for modeling thalamus. The neurophysiological speed
response in sensory cortex is faster than in thalamus (14) [14].
Furthermore, auto learning is performed by (15), (16) and (19)
in different parts of the controller.

IV. DESIGN OF DRIVE CONTROL SYSTEM

As an advanced speed/torque control drive, it should
include some features in terms of fast dynamics, independency
on parameter variation and simplicity [29]. Since, in SynRM
motors, rotor axis synchronously follows that of stator flux,
rotor dynamics is affected by stator flux. Therefore, in a
transient state, it can be inferred as:

A(G, +0)

Wy =, + Aw, ET—,

S

(25)

where @, and Aw, are primary state and deviation of the

rotor speed, respectively. Then, it is resulted in:

Awy = —. (26)
S

So, equation (8) is rewritten as:

AT, =2AA,, + 2T cot 26Aw,.. (27)

As discussed above (25)-(27), it means that for driving a
deviation on rotor speed, a torque deviation should be applied.
But in reality, since the electromagnetic torque dynamic is
higher than that of rotor speed, it leads to a restriction on the
torque deviation as follows:

min(l, 2AA  +2T cot20Aw ), AT
sn s r

en

20

AT, =

en . (28)

max(—1, 2A4  +2T cot20Aw ), AT <0
sn s r en

Since normalized deviations should be restricted to a
maximum value equal to 1, Eq. (28) is equipped with Max-
Min math functions. By using the restriction, the drive system
enjoys the whole allowable potential of the electric machine to
have maximum dynamic responses. The block diagram of the
new control system incorporating the emotional controller

(BELBIC) is given in Fig. 3, where speed @, is controlled by

a SDC based on (28), which produces the normalized torque
error as an input for TCD (9) where it generates the
normalized deviation of g-axis current reference. The
emotional control system receives normalized deviation of the

g-axis and d-axis component current error signals
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corresponding to (21)-(24). It then generates the output signals
following (20). As shown in Fig. 3, two emotional intelligent
controllers (BELBIC) are employed. The first controller
(BELBIC1) has g-axis torque producing current control

. g . *
responsibility by generating v, as output, and the second

controller (BELBIC2) controls d-axis current by generating

5

V. as output. The proposed drive is called SDC-BELBIC in

this work. As an advantage, the proposed system can control
the machine torque by TDC (9). The control principle is based
on flux-oriented control approach in the rotor reference frame.
After generating voltage references in the rotor-oriented
frame, they are transferred to stationary-reference frame. In
order to generate the logic signals to control the inverter
switches, the space vector pulse width modulation (SV-PWM)
technique is used.

It is evident that a suitable drive control is achieved without
any requirement to other conventional controllers (PI, PID
controllers, etc.) for speed control and generating command
voltages, and quite independent of motor parameters. Unlike
conventional PI controllers, the proposed technique enjoys
auto learning, parameter-free and the controller coefficients
are adaptive, which facilitates FOC control for any electric

drives in general. Furthermore, in Fig, 3, 6, is stator flux

angle, and s = 9, -0, .

BELBIC1
Current Controller

BELBIC2
Current Controller| y/*
ds

dgq —>abc
SVM-PWM

1,
INVERTER

i o)
ar Flux estimator[4].
- dq =— abc
2n || 04—
&
@r | position & Speed SynRM
Encod Yl

Fig. 3. Block diagram of the control system for SynRM drive.

V. REAL-TIME EXPERIMENTATION

The block diagram of the proposed system to drive a SynRM,
is shown in Fig. 3. In order to evaluate the proposed system in
real time conditions, a DSP-based prototype system is built
and tested. The experimental setup is presented in Fig. 4,
which includes the following parts: a 1.1-kWdc generator as its
load and a 0.37-kWthree-phase SynRM, a three-phase voltage
source inverter and its isolation board, a voltage source
inverter with corresponding driver board, a sensor board, and a
TMS320F28335 signal processor board designed by Texas
Instrument Co. The switching frequency is selected at 10 kHz
for the inverter. Pertinent parameters of the 0.37-kWSynRM
are given in the [4]. The saturation of inductances are
considered in this study [4], thus having a model with variable
parameters.

VI. DISCUSSIONS AND RESULTS

In order to assess the proposed drive, its performances are
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examined by simulation and experimental tests at different
conditions. The detailed characteristics of the control system
are presented in the Table I. The same tests are performed by
using the optimal conventional controller PI (OCC-PI), and
the results are compared with those of the purposed SDC-
BELBICcontroller. The PI controller is optimally tuned by
using a standard genetic algorithm (GA). The d-axis stator

current, i ;- , and the speed control closed-loops are optimized
under constant conditions of speed=500 rpm and current
F

igp =14 simultaneously considering the following cost

function J,

)

J= T kyAe,|+ki|ai g |ar, (29)
=0

where kw, ki are the coefficients of speed and current errors

respectively. The propagation and integration coefficients are
achieved as (18.5, 16.74) and (7.56, 16.08) for current and
speed controllers, respectively. Digital computer simulations
are performed by Matlab/Simulink. The simulated responses
in Figs.5-8 evaluate the tracking of the system according to the
test conditions in Tables II&III. Furthermore, a parameter
variation of stator resistance is applied to the system to study
the robustness feature at low speed under full load, as shown
in Fig.9.

Current
Sensors

Fig. 4. The experimental setup of the proposed system

TABLE
GIN PARAMETERS FOR BELBIC1 AND BELBIC2
a 4e-3 B 30e-3 K 1
kl 2.1 k2 4 K, 14.5
TABLE II
THE REFERENCE COMMANDS FOR TEST1, NO LOAD
Time, [s] 0 3 7 10
a,: [rpm] 500 1000 | 1000 1000
S
igs [A] 1 1 L5 15
TABLE III
THE REFERENCE COMMANDS FOR TEST2.
Time [s] 0 5 9
o, [pm] 1000 1000 1000
%
iz [Al 1 1 1
Time [s] 0 3.1 6.1 9
T; [Nm] 0.5 1 0.5 0.5

See http://www.ieee.ore/publications standards/publications/rights/index.html for more information.
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A. Simulation and Experimental Results

Fig.5 shows simulation results of the Testl by using the
proposed SDC-BELBIC. As shown, the proposed controller
presents regulated responses including small overshoot, fast
tracking and zero steady-state error. Considering Fig. 5(a), the
actual speed converges to the step command in less than 0.02s
with a venial overshoot 0.6%, while steady state error is close
to zero as given in Fig. 5(b). Furthermore, the proposed drive
system could successfully fulfill the decoupling condition

when i dT tracks a step command at =7s.

—
>
>
=

500 *

Rotor Speed [rpm]

0 2 4 6 8 10
(a) Time (s)

T T T T

ARotor Speed [rpm]

c

0 2 4 6 8 10
(b) Time (s)

igp 4]

i [A]

0 I |
0 2 4 6 8 10
(c) Time (s)

Fig. 5. Simulation results of the SDC-BELBIC, Testl: a) Motor speed
response, b) Speed error, ¢) d-axis stator current component.
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Fig. 6. Simulation results of the OCC-PI, Testl: a) Motor speed response, b)
Speed error, c) d-axis stator current component.

On the other hand,i 47 converges to its reference and
tracks the command, as given in Fig. 5(c). It could be notable
that simultaneous sudden changes in speed and i dT do not

have any permanent impact on the system performance.
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Fig. 7. Simulation results of the SDC-BELBIC, Test2: a) Motor speed
response,b) speed error, ¢, d) dg-axis stator current components.

The achieved results by using OCC-PI are given in Fig. 6.
It should be considered here, that the optimal tuning of the PI
controllers results in fast dynamics without over/under shoot
and minimum error in tracking commands. As it is seen in
Figs. 6(a&b), although there is not any considerable error in
steady state, its rise time is significant as high as about 0.17s
in the first speed step. On the other hand, albeit the time is
successfully decreased in the next speed step, it is achieved at
the expense of an overshoot and takes a long time to settle at
about 1s. In addition, at the step command time for the d-axis

stator current component, 47> 4 undershoot is seen with a

long settling time of about 1.5s on rotor speed. In other words,
the drive system fails to capture decoupling advantages. It is

however noted that i dT adequately follows its reference, as

shown in Fig. 6(c). As mentioned, Testl is done under sudden
changes in speed and d-axis current component under no load

*
conditions. For Test2 the speed reference and i 4T re

presented in Table III under loading conditions. The achieved
results of the SDC-BELBIC under Test2 are presented in Fig.
7. The proposed controller shows tuned response including

0885-8969 () 2018 IEEE. Personal use is permitted. but republication/redistribution reauires IEEE permission. See htto://www.ieee.org/publications standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2018.2874486, IEEE

Transactions on Energy Conversion

features of fast tracking without any overshoot and zero
steady-state error, while it is under load with sudden changes
in load torque. Under the conditions, motor speed has a venial
undershoot, which is removed smoothly, as seen in Figs.

7(a&b). Moreover, Figs. 7(c&d) show that i dT is kept

constant on its reference in spite of the variation of the current

qu
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Fig. 8. Simulation results of the OCC-PI, Test2: a) Motor speed response, b)
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On the other hand, Fig. 8 gives the simulated performance
results under Test2 by using the controllers OCC-PI. Albeit
Fig. 8(a) shows that OCC-PI has a starting as good as that of
the SDC-BELBIC, the actual speed has a very long settling
time and a notable under/over shoot under loading conditions,

as seen in Fig. 8(b).Also, Fig. 8(c) shows thati dT could
properly converge to its reference. In addition, as presented in

Figs. 8(d&e), the torque ripples resulted by i qTWill be higher

in comparison with that of the proposed system. Fig. 9 shows
the results of low speed test under full loading and stator
resistance variation for both OCC-PI and SDC-BELBIC drive
systems. While motor is being driven at around a full load of

1.8Nm with speed step of 5 rpm and =14, the

lar

resistance variation is suddenly applied at =0.2s. As shown,
OCC-PI fails to capture the imagination and collapses during
resistance variation.
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Fig. 9. Simulation results of the low speed test under full load condition; a)

rotor speed, b and c) torque and stator current i , by using the OCC-PL, and
SDC-BELBIC, respectively.
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On the other hand, SDC-BELBIC could handle the critical
conditions, as shown in Fig.9(a).For OCC-PI method, albeit

i dTiS properly controlled on the command line, current

controller i 4T could not support the torque after the parameter

variation as seen in Fig.9(b). In addition, at normal conditions,
although OCC-PI attempts to track its references, it suffers
from considerable torque ripples with a very long rise time in
comparison with that of SDC-BELBIC, as shown in Figs.
9(b&c).
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Experimental tests like those of the simulations are done to
verify and evaluate simulated findings. The results under
Testl and Test2 are given in Figs. 10 and 11, respectively.
Figs. 10(a&b) indicate the rotor speed and the zoomed speed

response within 30 rpm band, and Fig. 10(c) illustrates i dT>

which properly converges to its reference. Fig.11(b) also
points to the zoomed experimental speed response at
synchronous speed of 1000rpm with a band of 100 rpm. As
shown in the Figs. 10 and 11, the obtained experimental
results are acceptable, and very similar to those of simulation
results in Figs. 5 and 7 respectively. So, the proposed drive
system could successfully not only handle the loading
conditions without any considerable under/over shoot, as fast
as possible, but also satisfy the decoupling circumstance.
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Fig. 11. Experimental results using the SDC-BELBIC, Test 2: a) Motor
Speed response, b) Zoomed speed response, ¢ , d) dg-axis stator current
components.

B. Comments on Results

There exist reasonably close agreements between the
simulated and experimental results. By comparing the
simulation and experimental test results, it can be reasonably
concluded that the enhanced BELBIC can meet the
requirements for improved control of the synchronous
reluctance motor drives by solving the interior instability
caused by the learning process. In addition, by contributing a
speed deviation controller, the proposed drive system enjoys
advantages of an advanced drive in terms of fast dynamics and
robustness against parameter variations, while avoids
disadvantages of conventional systems, including PI tuning
and dependency on parameters. The robustness raises from the
BELBIC and SDC controllers are not dependent on motor

parameters and set points of the operation, while the
inductances and stator resistance are varying during operation
[4]. SDC-BELBIC could keep its superiority over OCC-PI in
different conditions in terms of stability, fast dynamics, low
torque ripple, and accuracy. At low speed range, SDC-
BELBIC succeeds to reduce the torque ripple up to 20% less
than that of OCC-PI, as shown in Figs. 9(b&c).

VII. CONCLUSION

This paper presented two main contributions, including an
enhanced version of the emotional controller in connection
with a new normalized speed deviation controller for electrical
drives in general. For the first time, simultaneous applying
normalization concept and deviation model controller, as
speed controller, directly provided a torque deviation signal
without any knowledge of motor parameters. In addition, the
enhanced BELBIC could overcome the interior instability by
modifying learning process in the amygdala, as a challenge of
the conventional control. The proposed high performance
control method for the synchronous reluctance motor drive not
only eliminates the need for conventional PID controllers, but
also keeps the system simplicity. A simple and improved
structure of brain emotional learning based intelligent
controller with its fast auto learning, model-free and good
tracking features was used in connection with a new deviation
controller based on model but parameter-free. A real-time
implementation of the proposed method was represented for a
3-phase SynRM drive. Close agreement was observed
between the results of the simulation and the experiment; any
discrepancy between them is attributed to the limitations of the
data acquisition system. The proposed drive system has
adequate insensitivity with respect to system disturbances and
parameter variations, particularly in comparison with the
optimal-PI controller. The proposed controller system can be
easily adapted for high performance industrial applications.
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