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Abstract. A simple modified version of neuro-fuzzy controller (NFC) method based on single-input, reduced
membership function in conjunction with an intuitive flux—speed decoupled feedback linearization (FBL)
approach of induction motor (IM) model is presented in this paper. The proposed NFC with FBL remarkably
suppresses the torque and speed ripple and shows improved performance. Further, the modified NFC is tuned by
genetic algorithm (GA) approach for optimal performance of FBL-based IM drive. Moreover, the GA searches
the optimal parameters of the simplified NFC in order to ensure the global convergence of error. The proposed
simplified NFC integrates the concept of fuzzy logic and neural network structure like a conventional NFC, but
it has the advantages of simplicity and improved computational efficiency over the conventional NFC as the
single input introduced here is an error (speed and torque) instead of two inputs, error and change in error, as in
the conventional NFC. This structure makes the proposed NFC robust and simple as compared with conven-
tional NFC and thus, can be easily applied to real-time industry application. The proposed system incorporated
with different control methods is also validated with extensive experimental results using DSP2812. The
effectiveness of the proposed method using FBL of IM drive is investigated in simulation as well as in
experiment with different working modes. It is evident from the comparative results that the system performance
is not deteriorated using the proposed simple NFC as compared to the conventional NFC; rather, it shows

superior performance over PI-controller-based drive.
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1. Introduction

The promising implementation of nonlinear control [1] in
the induction motor (IM) drive has been evolving as an
emerging area of investigation work. Throughout the years,
IMs have been widely utilized in various industries because
of their minimal effort, simple structure, consistency and
simplicity of use in an unpredicted condition with less
maintenance. However, the control approach is complex
due to its nonlinear dynamics, and parameter sensitivity in
various working modes. Thus, an attempt has been made to
implement an intuitive feedback-linearized IM drive by
simplifying the structure of the controller. Further, the
feedback-linearized IM control technique is sensitive to
parameter variations and plant uncertainties, which moti-
vate designing a robust modified neuro-fuzzy control
scheme for overcoming these challenges in real world
application of IM drive. The proposed simplified neuro-
fuzzy controller (NFC) incorporated with feedback lin-
earization (FBL)-based IM drive for enhancing the perfor-
mance is the main contribution of this research work.

*For correspondence
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Many attempts have been made earlier to upgrade the
performance of IM drive through different control tech-
niques like field-oriented control (FOC) [2, 3]. This, in fact,
has a significant impact on industrial applications by
replacing costly, heavy DC motor drive. However, FOC
methods require many transformations and the implemen-
tation of controllers is very difficult as the decoupling
behaviour is obtained by proper state coordinates selection
under the assumption of constant rotor flux. This leads to
asymptotic decoupling of rotor flux and torque. Further, the
decoupling is not completely obtained in the higher speed
zone when the flux gets weakened [4]. This has led to
nonlinear differential geometric control theory [5].

The differential geometric control recommended by
Krezminski [6] is based on a multi-scalar motor model
where static state feedback controller decouples the rotor
torque and flux completely by selecting new state variables,
which are different than that of FOC. In the articles [7-9], it
was depicted that systems with multi-input can be made
static feedback linearizable from input to state when an
extra integrator is introduced to one of the inputs. This
approach was considered in [8], where an IM model is
made feedback linerizable by converting fifth-order IM
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state space model to a sixth-order model. However, this has
certain constraints that make FBL dynamically infeasible.
One of these is that when the motor torque is zero, feedback
linearizing transformation is singular; to avoid this singu-
larity, the control structure needs to be switched between
two distinct transformations. Hence, to overcome this, a
single dynamic FBL is proposed in [9], where one control
quantity is transformed into two linearization schemes. This
is done by approaching IM in d—¢g coordinate system rather
than a—b coordinates.

In [10, 11], the decoupling of torque and flux control of
current-controlled IM is obtained by two nonlinear feed-
back controllers. This is mainly based on input—output
linearization of the nonlinear system through dynamic state
feedback control. Again, the control performance of the
drive system may not be so good as it is sensitive to load
disturbance and detuned parameters, which were observed
from the sensitivity analysis as in [11]. In the feedback-
linearized IM drives the problem of coupling is effectively
sorted out, causing quick dynamic response. However, they
are very much sensitive to parameter and plant uncertain-
ties, external disturbance, etc. This leads to incorporation of
different controllers with the FBL-controlled IM drive.

In recent years, significant research has been reported for
improving control performance using fuzzy logic controller
(FLC) [12, 13], sliding mode controller (SMC) [1, 14, 15] and
neural network controller [16]. The classical PI controller
incorporated with FBL-controlled IM drive [4, 5, 7, 17] has
the disadvantages of steady-state ripple, decoupling of flux
and torque affected by parametric uncertainties, and load
perturbation with poor dynamic response. To encounter these
problems, SMC-based feedback-linearized IM drive has
been introduced effectively in [18], which exhibits robust
performance with system uncertainties. However, the chat-
tering effect due to switching control law is introduced in the
system response [19, 20]. These issues can be fixed by
applying smart control approaches [16, 21, 22] as the con-
trollers are constructed using human experience while han-
dling the IM in every working mode and thereby, making the
system robust and independent of system model dynamics.

The FLC has the drawbacks of poor stability and uncer-
tainty [23, 24]. Also, an optimal FLC cannot be figured out
by trial and error. On the other hand, it is very tough to
acquire the training data for every working state of IM drive
in artificial neural network (ANN) [25]. Consequently, the
adaptive neuro-fuzzy hybrid intelligent system builds up a
more effective system, which overcomes the drawbacks of
FLC and ANN and generates optimized rules for the con-
troller [21, 26-29]. In spite of adequate advantages of this
intelligent hybrid controller, various industries have still not
accepted these controllers for commercial purpose because
of the high computational problem requiring a large number
of membership functions (MFs), weights and rules, exclu-
sively on auto-tuning condition [30]. Low sampling fre-
quency due to this high computational burden is not
acceptable for real-time application as it shows some

Rabi Narayan Mishra and Kanungo Barada Mohanty

overrun error. Moreover, low sampling rate leads to a large
torque ripple in the case of the two-input conventional NFC.
In addition, a fast processor may be required for these high-
computational-control algorithms, which is a costly affair
and major concern for the industries.

This proposed work incorporates a suitable robust, sim-
plified single-input and three-MF-based hybrid NFC tech-
nique combined with an intuitive feedback-linearized IM
drive, which is implemented to improve the performance of
the drive system. The intuitive FBL based on speed—flux
linearization control is different from that of [8—11, 31] and
simple. Thus, it simplifies the designing of the controller.
The proposed NFC decreases the computational weight by
reducing the MFs and rules when compared with conven-
tional two-input NFC, which requires more number of MFs
and rules. It is observed that the proposed NFC does not
change the system execution unexpectedly for every single
working state of IM drive when contrasted with conven-
tional NFC; rather it upgrades and improves overall per-
formance over the conventional PI controller.

The combination of two strategies preserves fast
response and robust performance of conventional NFC-
based linearized IM drive. Additionally, it remarkably
reduces the torque and speed ripple and improves the sys-
tem dynamic as well as steady-state performance. The
outputs of PI-flux controller, NFC and rotor d—g flux
components estimated from voltage model [2] are inputs to
the decoupling FBL controller. The signal generated from
decoupling FBL controller is fed to a hysteresis current
controller [32] to produce the required gate pulses for PWM
voltage source inverter, which tracks motor reference cur-
rent to produce desired torque. This approach starts with the
FBL of an IM model in the d—q stationary reference frame.

2. Design of FBL of IM drive

FBL control is an approach that can be implemented efficiently
on nonlinear systems. This contrasts absolutely from con-
ventional linearization frameworks as this linearization tech-
nique is applicable globally, rather than over a neighbourhood
of an equilibrium point [1]. The input—output FBL is distin-
guished by a specific state coordinate change. Thus, it uses a
nonlinear transformation of system variables to another
appropriate coordinate system that facilitates FBL. The theo-
retical approach and a detailed methodology are given in [1].

The following equations characterize the dynamic
mathematical modelling of IM drive fed by hysteresis band
current-controlled PWM inverter in the d—q stationary
reference frame [17]:

2 1 L,R
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where YTis the mx 1 system output vector; w, and Vs, are
the rotor speed and flux, respectively.

The nonlinear state space equation for this multivariable
system [1, 5] can be written as

x)+Zgi(x)ﬁ,- and Y; =hi(x) for 1<i<m.

(10)

Then, as per the IM modelling equations (1)—(6)
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where V, i and ¥ represent voltage, current and flux,
respectively. The subscripts ds, gs and dr, gr correspond to
the stator and rotor components along d—¢q axes; R, and R,
are the stator and rotor resistances; L,;, L, and L,, are the
L ) is
the leakage coefficient; w,, P, T,, T;, J and B are the rotor
speed, number of pole pairs, electromagnetic torque, load
torque, rotor inertia coefficient and friction coefficient,
respectively.

The nonlinear dynamics of IM considered here is of fifth
order with the chosen state variables

stator, rotor and magnetizing inductances. ¢ = (

XT = [idS iqs lpdr lpqr wr] (7)
and the input variables

I/AIT:[;T ﬁ]:[ids* iqs*] (8)

where X is the nx1 state vector and # is the mx1 input
control vector.

The controller output parameter should be so chosen that
the IM behaves like a DC motor, making the rotor speed
and flux decoupled. Therefore, output of control parameter
should be chosen as

Yi=[hi(x) h(x)] = v, ] ©)

(o,

T
0 —KTnpq,} and
(12)

T
K
T, Tl//dr :|

where Ky = 13%2P and T, = £ is known as the rotor time
constant.

If Y, and v, are considered as nonzero altogether, the
relative degree of the system is r = rj+r, = 4, provided it
satisfies the involutive condition, which is the necessary
condition for decoupling FBL control, i.e., the Lie bracket
of g1(x) and g, (x) exists.

The Lie bracket of g;(x) and g(x) is given as

6g1 2KTL

) - Ea(a) =

[g1,82](x) = o

#0. (13)
Hence, it satisfies the involutive condition for the values
of P, L,, R,, J and L, that are mentioned in the Appendix.
Now the total rotor flux in terms of d—g component is
expressed as

V=, + Y, (14)

and

d d ay,,
;i l// (lpdr lpdr—i_wqr lpq) (]5)
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When the current controller directly controls the stator
currents, Egs. (3), (4) and (5) of IM are given, respectively,
by

dyr, R, LR, —
—rar = — — — P 1 1
a g, Ve Pty v (16)
dlpqr Rr LmRr Y
dt = 7L—rl//qr+PCOrlpdr+L—rM2 (17)
dw, B 13L, /— — 1
_ 5., ———P( 2y, — ul )——T. 18
dt Jw +J2 Lr u lpdr u lpqr 7 l ( )
Substituting % and dﬁf from Egs. (16) and (17) in

Eq. (15), the linearized state space equations of rotor flux
and speed are obtained as

dl,b R, LR,
ro % 1 1
5 Lrl//r+ L v (19)
do, B  13L, 1
S P Rty %) S 20
dr 7O Ty, e gl (20)

where u1 and u2 are considered as new control inputs that
make state equations (16), (17), and (18) as feedback lin-
earized, and are redefined as follows:

wl-1% ¥ E]

(21)

_lpqr lpdr
lpdr l/jqr
where the matrix | ), W, | is defined as a decoupling

_l//qr l//dr

matrix D(x). The matrix D(x) is non-singular except in the
trivial condition when the rotor flux is zero, which occurs
during start-up of the motor. However, in the regular
operation of the motor, this condition never happens in the
practical drive as the flux is set up prior to starting the IM
drive. Since the left plane poles are evident from the
dynamics of w, and y,, the closed-loop input—output sta-
bility of the remaining state variables can be assured pro-
vided the rotor flux has a nonzero value.

Equations (19) and (20) represent the IM with FBL,
which is of second order, with rotor flux and speed as

) . 1 0 ;
ul = | _{l}k}_ 1 |:l//d,, —y/q,} | {ul}—»zm
u2 — u | ViV Va 0 ‘/7 u2 ’;

o

‘//dr‘ l//fl r

(a)
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decoupled state variables. Consequently, the new model is
intuitively linear and simplifies the designing of the con-
troller. If the decoupling matrix is non-singular, the non-
linear state feedback controller obtained from Eq. (21),
which decouples the system, is given by Eq. (22) and the
block diagram of feedback-linearized controller is given in
figure la:

a _ l;s :i l//dr _lpqr ! ? ul (22)
u2 l:;s l//r lpqr l7bdr 0 lp_ u2
For stable error dynamics and exact tracking of target

rotor flux and speed, the derived inputs 1 and u2 are the
outputs of PI controller, which are given by

t

ul = K5 —0) + Kn [ (s —p)ar (23)
0
u2 = Kp(w, * —o,) + Kiz/ (w, * —o,)dt (24)

0

Equations (19) and (20) define an electrical and
mechanical system that has (i, *,i,*) and (,,m,) as control
inputs and outputs, respectively. Hence, it describes a
framework that is coupled as the outputs and inputs are not
directly related. Thus, the nonlinear control theory [1] is
utilized to remove this coupled relation and makes the
system inputs iy, i, and the outputs ., w, totally decou-
pled. The feedback-decoupled system with Egs. (19) and
(23) is represented in the block diagram shown in figure 1b.
Accurate estimation of flux is required for perfectly
decoupling FBL control, which is evident from Eq. (22).

An estimation-based sensorless strategy is adapted based
on a voltage model [2, 28], where the stator voltages and
currents are sensed, and the flux is estimated in the d—
q stationary reference frame.

From the model of IM drive, voltage equation in the d—q
stationary reference frame can be stated as

Ly,
Vis = (Rx + O'Lsp)idx + L_p ¥ yr (25)

X
+ s

|

(b)

Figure 1. Block diagram of (a) decoupling feedback-linearized controller and (b) closed-loop decoupled system.
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. L
Vqs = (Rs + GLsp)lqs + -

. (26)

p¥yr
where p is the differential operator %. The rotor torque and flux
components can be obtained using Egs. (6), (25) and (26).

The linearized model of IM formed by FBL technique is
sensitive to parameter variations and plant uncertainties. As
a result, a robust neuro-fuzzy control scheme is designed
for confronting these challenges in the real-time application
of IM drive.

3. Design of neuro-fuzzy controllers

The knowledge representation of FLC combined with the
learning power of ANN system gives adaptive NFC. Since
NFC design starts with a prestructured system, the level of
flexibility for learning is inhibited, i.e., the input and output
MFs comprise more information than what a neural system
needs to get from test pair of data. Data concerning a
system under an arrangement can be used right from the
start. Some part of the system can be removed from train-
ing, thus making the process more effective. The interme-
diate results can be examined effortlessly as the rules are in
linguistic form. NFC implements a first-order Sugeno fuzzy
system as a result of its computational efficiency and ver-
satile procedures [2, 22, 33]. To start NFC tuning, a training
data pair that contains necessary input—output data set of
the target system to be designed is required. The objective
is picked taking into account the best response of the sys-
tem. The proposed NFC-based feedback-linearized drive is
illustrated in figure 2.
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However, some parameters of the NFC are still to be
optimized as they get trapped in a local minimum solution.
In this scenario, the field of metaheuristic plays an impor-
tant role that is based on an approximation method [34-37].
The hybridization or integration of metaheuristics is, in
fact, a growing research area due to its importance of
combinatorial optimization problem applied to the indus-
trial world [38, 39]. It supervises a subordinate heuristic by
incorporating concepts based on artificial intelligence,
mathematical, biological and nature-inspired science to
enhance their performance. The concepts used in meta-
heuristic algorithms vary from local search methods to
complex learning methods. Metaheuristics are also not
problem-dependent methods. In NFC, the parameters of the
fuzzy logic are optimized by learning algorithm of the
ANN but, during this, the solution may fall in local minima.
Thus, the fusion approach of NFC and GA encounters this
problem by preserving the excellent learning algorithm by
ANN and simultaneously, optimizing the antecedent
parameters and learning rate by GA technique [40].

3.1 Proposed simplified NFC

The proposed simplified NFC (SNFC) design integrates
FLC with a four-level ANN organization, as described in
figure 3a. The proposed NFC is modified by a simple
control algorithm in order to achieve the required perfor-
mance of the IM drive system. The parameter of the third
layer is modified by tuning to control any deviation of
control effort. The single-input speed error due to the dif-
ference of desired speed w; and the actual speed w, of the
NFC is as follows:

N + ) <
»” A
3-Phase A Ve L T A \V/ /
e —— Ik, 5
Supply > T C \

Rectifier PWM VSI Va|Vs
_TMS30F2812 DSP Controller| _ ____ _ lntelligent Pawer Moduld ==/ bamy | | p iy
. NEC NEC |
! nor-err Te*"(;)’nor-err u2l- .

A _A
| - YY VY A 4 l
! PI-Speed PI-Torque w PWM Pulses ADC QEP l
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o | e I
J— >l r
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I,:\ﬁ war "B
| Te ABC| | N o
. Flux Weakening >|lasc ids iqs Vds V4s |Flux and-
| Controller u2 torque |
. \ B d- - Yqr Wdr ¥r Te .
| o, Yr'— Pr igs* q Gie q r ¥r Te ohserverl
ul »lul .
| " |
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Figure 2. Proposed NFC-based induction motor using feedback linearization.
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Figure 3. Neuro-fuzzy controller: (a) proposed modified architecture and (b) input MFs.
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Yoey (1) = x 100. (27)

Layer I: The output equations of this fuzzification layer
having adaptive nodes of three-speed error MFs as negative
(N), zero (Z) and positive (P) speed errors are given by

1, x! <by
.X1 —d
Or = pnle() = § 3-— . bi<al<a  (28)
1—ai
0, xil >a
b
0, Jxf > 3
0; = [y (es(t) = 2|x_l _ a| b (29)
I_IT’ |x} —a| < 3
0, x} <ap
X-l —da
0 = ules(®) = S 22 gy citahy (30)
2 — )
1, Xl-l zbz

where iy (e5(2)), taa(e5(2)), tys(es(t))are chosen to be
symmetrical (a = 0) linear MFs as in figure 3b rather

than any exponential function in order to lessen the
computational weight and make it more efficient. Here,
x and O correspond to input and output, and their
superscript and subscript denote layer and node number,
respectively.

Layer 2: The ‘AND’ logic operator is not used in this
layer for the calculation of the weight of rules w;, since only
one input is present here unlike conventional two-input
NFC. The normalized w; can be written as

Wi
doiwi ’

Layer 3: The consequent value v; is calculated in this
layer as node equation, whose output is specified as

0! =w; = i=1,23. (31)

0} =wy;, i=1,23. (32)

Layer 4: This is the defuzzification layer, where the NFC
output is determined by centre-of-gravity method and is
specified as

WiV o
V= 04 = 721 lvl = Ziwivi,l =

1,2,3.  (33)

3.2 Two-input conventional NFC

In order to make a fair performance comparison, the MFs of
conventional NFC are chosen to be the same as those of the
proposed NFC. The two inputs of this NFC are speed error
and change in speed error, which are given by

“r % 100

%oy (1) = (34)

*
I

Gerey(r) = S = Wit

k=1
T x 100 (35)
where T is the sampling time and k is the sampling instant;
es(t), and e(r),_, represent present and previous speed
error, respectively.

The NFC structural design integrates fuzzy logic and
learning algorithm with a five-level ANN arrangement [33]
as depicted in figure 4b. In the proposed Sugeno fuzzy
model [2] depicted in figure 4a, the typical rule set with
fuzzy rules can be expressed as

rulei(i =1, 2, 3) : ife(t)is Mj; AND Ae(t) is My; then v;
= mye(t) + myAe(t) + r;

where M,; and M,; are the antecedent fuzzy sets and m;,
my; and r; are the design parameters evaluated in training.
Here, v; is the output singleton MF as shown in figure 4. In
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Figure 4. (a) Sugeno fuzzy model with two rules. (b) Conventional NFC structure with three MFs.

the extra layer introduced here, the minimum error or
change in error value of two input weights is picked up as
firing strength of rules by the product operator AND, which
is symbolized by [] as shown in figure 4b:

07 = wi = iy (e(1)) tarai(Ae(2))
= min(py;(e(?)), toi(Ae(?)),i =1, 2, 3.

Likewise, the neuro-fuzzy torque controller is designed
in the same approach as that of the neuro-fuzzy speed
controller. Moreover, the MFs of the neuro-fuzzy torque
controller are kept same as those of the neuro-fuzzy speed
controller as depicted in figure 3b, but they have different
input and output crisp values as in figure 2.

Figure 5 shows a surface view of the change in control
output of NFC speed and torque controller. The dependence
of the output on a single input, error (E), or two inputs,
error (E) and change in error (CE), is displayed using the
surface viewer. Also, it is defined as the change in control
output surface mapping of the system. Figure 6 presents
input MFs of proposed and conventional NFC.

(36)

4. Tuning algorithm for proposed NFC

Instead of employing the desired controller output ‘v’ as a
target, an error signal ‘e’ that evaluates the execution of the
controller and calculates the current state of the framework
is used to deal with the control action into changing in right
directions and also deliver the desired response [41, 42]. A
tuning procedure based on backpropagation algorithm is
developed here [22, 43, 44], whose assignment is to
upgrade the MFs parameters and weight in order to have
minimized error signal, which is considered as a fitness
function:

(37)

where w? is the reference speed and o, is the actual or
measured speed. To achieve the desired control perfor-
mance, the backpropagation parameter adaptation rules
for instantaneous parameter update are derived as
follows:
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Figure 5. Surface view of (a) single-input proposed NFC and (b) conventional two-input NFC.
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Figure 6. Input membership functions: error (E) of proposed NFC and error (E) and change in error (CE) of conventional NFC.

ai(k +1) = ai(k) = 14 Vi (k) (38)
bi(k+1) = bi(k) — 0y ViiE(k) (39)
wilk +1) = wi(k) =1, Vi E (k) (40)

where a; and b; are the i™ node values of a and b, k is the
sampling instant, Hais Mp;» My, are the fixed learning rate of

parameters a;, b;, w;, and <%,%,%} is denoted as

(V4;»V5,,Vy,), which is the gradient of cost function E
corresponding to parameters (a;, b;, w;) and is described by
the following equations:

OE de dw, dv 00}

Vol = 5, 8a, ov 301 3a; (41)
OE de dw, Ov 30!
ViiE = B By Bv B0 by (42)
OE Qe Ow, Ov
Vil = Oe 0w, Ov Ow; (43)

The common differential terms of Eqs. (41)—(43) are
determined as follows

0~ -, =e (44)
Oe
-1 4
S0, (45)
% = constant K (46)

The value of K is greater than zero for the proposed IM
drive scheme [20, 45]. The other terms of Eqgs. (41)—(43)
are determined from Egs. (28)-(33) as

ov vi(k)
— = 47
301 = Sw k) “7)
1 1 1 _ _ 1
60":6&: l b12:_ 1 — 0i(k) fori =1
Oa; Oa; (bl — al) bl(k) — al(k)
20! 1 —0(k)
Similarly, —2=——— 3" fori=2 (48
Y Bay  bak) —ax(k) (48)
1 1 1 1
a&:%:— xl a12:— OI(k) fOI‘iZl
ob; 0b, (b1 — al) bl(k) —ai (k)
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Similarly, 2 = 2084) _ 12010) gop
00! 0! (k)
and —2=——3"___ fori=3 49
6[)3 b2 (k) — Clz(k) ( )
ov vi(k)
— == 50

Substituting Eqs. (47)—(50) in (38)—(40), the following
update rules are obtained:

- vi(k) 1-0j(k)
aj(k+1)=a(k) — nale(k)Klei(k) by (k) — a; (k)
(51)
B wk) 1-0i(k)
ar(k+ 1) = ar (k) — npe(k)K zzw,-(k) by (k) —Saz(k)
(52)
B n) oK
bi(k+1)=by(k) — Wble(k)Kzlwi(k) by (k) — a; (k)
(53)

Initialization of fuzzy rules and the parameters
ar,a2,b1,b2, b3, and wi

12

Calculation the input speed error (%€s(?)) using
equation (36)

I Calculation of MF values using (30)-(32) |

I Tuning of weight wi using equation (58) |

v

Tuning of the parameters a: and biusing
equations (53)-(58)

(a)

2121
palk 1) = bal) + me(K 200 L2 (s
B Bk 0K
b?(k + 1) - b3(k) - nb3e(k)KZ3wl(k) bz(k)3— az(k)
(55)
Wik 1) = wik) + ek < (s6)

>owi(k)

The step-wise procedure followed for parameter tuning
using the update rules given by Eqs. (51)—(56) is shown in
figure 7a. Similarly, the same auto-tuning method is per-
formed to update the proposed simplified neuro-fuzzy-tor-
que control, where the error signal is defined as

1 1
E=_(T' - T, =§e2

> (57)

where 7., is the reference torque, which is the output of the
neuro-fuzzy speed controller, and 7, is the actual or esti-
mated torque.

gD
[Convenﬁonal ] |Input—output data generationl
v

[premise parameters Initialization]

|ANFIS structure generation |

v
[start Training and validatior]

¥
|Initial individual generation |

|Simp|iﬁed NFC generation(SNFC) |

|Parameter optimization

Child
population
generation

Total population

New parent
population
generation

Learning rate

[Coefficient of momentum)|

(b)

Figure 7. Flowchart for (a) tuning of the parameters to optimize the error signal and (b) modelling steps of applied methods using GA.
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Figure 8. Comparison of (a) training error for different controllers and (b) testing data sets for different controllers.

Some parameters of the SNFC are still unoptimized due
to the neural network (NN) as it tries to find out the optimal
parameters of the fuzzy logic control and during the process,
it may be confined in local minima instead of global min-
ima. This causes an impact on the performance of the drive
system indirectly. Hence, to confront this issue, a powerful
optimization method GA is integrated with the proposed
SNFC to optimize MFs, learning rate of NN and coefficient
of momentum [46]. The modelling algorithm of SNFC with
GA (SNFC-GA) is demonstrated in figure 7b. The perfor-
mance assessment of the linearized IM drive is also done by
comparing SNFC-GA-based drive. Since GA controls the
training step and picks up the optimized parameters at every
iteration, it is not required to rectify the NFC model.

The testing data set generated for conventional NFC,
SNFC and SNFC-GA is shown in figure 8b, which shows
that the SNFC-GA gives the best fit with the test data
(actual data). Therefore, the mean square error of the
SNFC-GA is found to be the least, with value 0.00158, as
shown in figure 8a. The training was based on 30 iterations;
however, prior to five iterations, the controllers settled
down to the minimum error of 0.00187, 0.00175 and
0.00158 for conventional NFC, SNFC and SNFC-GA,
respectively. By testing different values for the parameters,

Intelligent Power Module
S==s N

PWM Pulses

MATLAB/

I
1
1
I
I
1
1
I
I
1
\

[Current]
sensor

3-Phase
Auto
Transformer |

Voltagd,)
sensor | [inter

Emulator

DSP Controller

i.e., mutation rate, learning rate and coefficient of
momentum, the GA makes the structure the best with faster
convergence. The optimized parameters using SNFC-GA
are illustrated in the Appendix.

5. Experimental set-up

The proposed auto-tuned NFC-based control of feedback-
linearized IM drive system was validated in real time using
the platform of 32-bit fixed point DSP TMS320F2812. The
prototype real-time and experimental set-ups are illustrated
in figure 9a and b, respectively. The motor specifications
are the same as given in the Appendix. Hall-effect voltage
sensor and current sensor (LEM LTS 25-NP) sense the
actual motor line voltages and currents, respectively, which
are fed to the DSP board through A/D channel. The rotor
speed is sensed by the speed encoder. The hysteresis-cur-
rent-controlled PWM signals are generated by the DSP
board, which are fed to the switches of the three-phase
voltage source inverter. To get the load perturbation for
torque analysis, IM is coupled to a DC motor shaft. Then,
by introducing resistance on its armature circuit, load tor-
que is varied. Other than current, all the variables of this

DSO
il
PW ulses !'L.Z‘ =

3-Phase Auto
Transformer £ Saa

Current [ VSL
Sensor

Fleld and Armature
Rheostat

DC Motor(Load) [ -

il

3-phase AC Supply

Speed
sensor

algorithm
based FBL IM
drive

P
3-phase motor-DC motor set

Modeling of the
proposed controller|

(a)

Figure 9.

(b)

(a) Block diagram for prototype real-time set-up and (b) experimental set-up.
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Figure 10. Start-up response of feedback-linearization-controlled IM drive using (a) PI controller: (i) speed (n,), (ii) torque (Te) and
(iii) stator current (iabc); (b) conventional NFC: (i) n,, (ii) Te and (iii) iabc; (¢) proposed SNFC: (i) n,, (ii) Te and (iii) iabc and

(d) proposed NFC with GA: (i) n, and (ii) Te.

test are observed through a D-A converter and are dis-
played on a digital oscilloscope.

The developed real-time Simulink model of proposed
NFC with the auto-tuning algorithm is compiled and
transferred to the DSP board using an emulator as in fig-
ure 9a. However, the tuning rate of the weight #,,; and the
tuning rate of the MFs (,;,1,;) given in the Appendix are
chosen to be very small by trial and error as it smoothens
the transition. A conventional two-input NFC and PI-con-
troller-based linearized drive system are also validated
experimentally in order to have a fair comparison. As the
structure of the proposed NFC is simplified, to conduct this
operation, the lowest sampling time required is 100 s
whereas it is 250 ps for conventional NFC. The PI speed
and torque controller tuning was done by trial and error
method with regard to zero steady-state error, settling time,
speed overshoot and undershoot of the response so that it
gives a fair comparison with that of the NFCs. It is possible
to make the PI controller [47] as critically damped, but it
gave extremely sluggish response, which cannot be even

comparable with the proposed NFC-based drive scheme.
Thus, K, and K; are considered to be 20 and 0.02, respec-
tively, for PI-speed controller, and 10 and 0.01 for PI-tor-
que controller, respectively.

6. Results and analysis

6.1 Simulation results

The effectiveness of proposed modified NFC-based control
of linearized IM drive is investigated by MATLAB/Simu-
link using a hysteresis-current-controlled PWM inverter
with the same sampling time as that of experiment for 3.7
kW IM under various modes of operations. Figures 10-14
present comparison of responses of the proposed NFC-
based drive with conventional NFC and PI-controller-based
drive under different working modes. It is witnessed that
the results of proposed SNFC-based drive are found to be
similar to those of conventional NFC and, simultaneously,
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Table 1. Simulated comparative analysis using different controllers.

Modes of operations of IM

Integral
Starting Loading Reversing time
absolute
Speed error Mean
Torque  Speed Speed Torque Speed undershoot/ Torque Speed Speed (ITAE)  square
ripple  ripple overshoot ripple ripple overshoot  ripple ripple undershoot under error
Controller (Nm) (rpm) (%) (rpm)  (Nm) (rpm) (%) (rpm) (Nm) (rpm) (%) (rpm) load (MSE)
PI controller 4.5 0.1 8.3 4.5 0.1 1.7 4.5 0.06 9 1.7 -
Conventional 0.5 0.005 0 0.5 0.005 1.4 0.5 0.005 0 0.5 0.00187
NFC
Proposed 0.3 0.003 0 0.3 0.003 1.4 0.3 0.003 0 0.38 0.00175
NFC
Proposed 0.25 0.003 0 0.25 0.003 1.4 0.25 0.003 0 0.35 0.00158
NFC with
GA
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Figure 11. Load characteristics of feedback-linearization-controlled (FBL) IM drive during 50% step change in load from 1.5 to 2 s
using (a) PI controller: (i) speed n,, (ii) torque Te and (iii) stator current iabc; (b) conventional NFC: (i) n,, (ii) Te and (iii) iabc;
(¢) proposed NFC: (i) n,, (ii) Te and (iii) iabc and (d) proposed NFC with GA: (i) n, and (ii) Te.
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enhanced performance than that of conventional PI con-
troller is observed, which is evident from table 1. IM
specifications are illustrated in the Appendix.

6.1a Results with PI controller Case I: This illustrates
that the motor accelerates at a constant rate and reaches its
set point speed of 800 rpm in 1.1 s with an overshoot and
applied DC-link voltage of 646 V as shown in fig-
ure 10a(i) and figure 13a(iii). The current, torque and speed
of IM are settled at 1.1 s. However, the spike in capacitor
voltage Vc is observed initially as the capacitor charges and
settles down later within 5-6 cycles by discharging through
a properly selected switching path as in figure 13a(iii).
Substantial ripple and chattering in torque and speed appear
with this PI controller.

Case 2: The dynamics of load disturbance is studied by a
step increase in load from 0% to 50% from 1.5 to 2 s when
the motor operates at steady-state speed of 800 rpm and is
depicted in figure 11. It leads to undershoot and overshoot
in the speed of about 1.7 rpm at 1.5 and 2 s, respectively,
with settling period of around 14-15 cycles (0.3 s),
accompanied by an increase in stator current to 10 A. Also,
the capacitor voltage is reduced to 644 V during the sudden
increase of stator current at 1.5 s as the energy stored in the
capacitor gets released when the large current is drawn by
motor through the capacitor and comes to the steady state
after one cycle (0.02 s). Likewise, the capacitor starts dis-
charging and charging during application and removal of
the load, which is evident from figure 13a(iii). With this PI
controller, extensive ripples in torque and speed are evident
from figure 11a.

Case 3: Subsequently, speed reversal takes place at 2.5s,
at a uniform rate to zero speed and then to —400 rpm at 3.8 s

2125

as shown in figure 12a. This is accompanied by large stator
current due to large negative motor torque; during revers-
ing, the frequency of the current reduces, first due to the
controller using regenerative braking, followed by phase
reversal for getting the motor reversed. Further, it is evident
from figure 12 that the responses replicate those of the
start-up operation as shown in figure 10. Detailed analysis
of comparative performance is illustrated in table 1. How-
ever, all through these three operations, the flux is main-
tained uniform as evident from figure 13a(ii).

6.2 Results with NFC

Operating conditions similar to those of the PI controller
were carried out for starting, loading and speed reversing as
shown in figures 10-14. Initially, the stator current is less
(18 A) with less distortion, reduced settling time, less peak
capacitor voltage Vc and reduced torque ripple using pro-
posed and conventional NFC-based linearized drive over
PI-controller-based drive. The torque response during
starting is significantly improved as the torque ripple is
remarkably reduced. It is evident from table 1 that the low
computational proposed SNFC bears a resemblance to that
of conventional NFC and, simultaneously, it shows better
performance over the traditional PI-controller-based drive
with respect to ripple, rise time, settling time and overshoot.
Further, it is observed from figure 10d that the proposed
NFC with GA-based drive does have very little impact on
performance in terms of ripple and settling time (0.84 s) as
compared to the proposed NFC-based drive only. During
load perturbation at the same instant of PI-controller-based
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Figure 12. Speed reversal characteristics of FBL-controlled IM drive using (a) PI controller: (i) speed n, and (ii) torque Te;
(b) conventional NFC: (i) n, and (ii) Te; (c) proposed NFC: (i) n, and (ii) Te and (d) proposed NFC with GA: (i) n, and (ii) Te.
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Figure 14. Start-up behaviour of FBL-based IM drive with doubled rotor inertia by (a) PI controller: (i) speed n, and (ii) torque Te;
(b) conventional NFC: (i) n, and (ii) Te and (c¢) proposed NFC: (i) n, and (ii) Te.

linearized IM, it is seen that the implementation of the
proposed NFC and NFC-GA enhances the speed tracking
performance with significantly less ripple, less fluctuation
and less settling time of around 5-6 cycles, which are
superior to those of the PI controller. The torque ripples
with the proposed NFC are extensively reduced compared
PI controller, thereby decreasing the magnitude and dis-
tortion of the motor current, as evident from figure 11(iii).
There is a slight reduction of torque ripple and settling time
using SNFC-GA-based drive over the proposed NFC as
shown in figure 11d and the details are illustrated in
table 1. In fact, the oscillation in speed has almost disap-
peared by the proposed NFC and NFC-GA-based drive as
compared with the conventional NFC, which still has a tiny
oscillation, as in figure 11c(i). Subsequently, while
reversing the speed, the motor settles down faster at 3.6 s
for proposed NFC and NFC-GA-based drive as compared
with Pl-controller-based drive. The torque response and
settling time of the proposed NFC-GA-based drive are
improved as compared with the proposed NFC-based drive

only as shown in figure 12d. Detailed analysis of the pro-
posed SNFC with the GA-based drive is depicted in table 1.
Moreover, the linearized IM with this controller has less dip
in capacitor voltage and less flux and torque distortion.
Also, figure 13 reveals that the rotor flux is steady
throughout every operating mode regardless of the speed
and the proposed low computational NFC establishes the
perfect decoupling without compromising on the system
behaviour. Additionally, it exhibits superior performance as
compared with the classical PI controller.

The robustness of the proposed NFC-based FBL con-
troller in face of the motor parameter detuning is examined
with the doubled rotor inertia as shown in figure 14. The
settling time response is almost doubled as the rotor inertia
is doubled. The responses demonstrate the robustness sta-
bility of proposed NFC as compared with PI-controller-
based drive.

Since the IM has highly nonlinear dynamics, the issue of
power quality is the major challenge in real practice, which
is another aspect of the research area of IM drive. However,
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Figure 15. The THD performance of linearized induction motor drive for current harmonics under 50% of the load (10 Nm): (a) PI
controller, (b) conventional two-input NFC, (¢) proposed NFC and (d) proposed NFC with GA.
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Figure 16. Comparative %THD vs. load performance of feedback-linearized IM for different controllers.

in the proposed NFC-based drive, the power quality in
terms of total harmonic distortion (THD) for supply current
harmonics with load of 10 Nm is found to be 5.15%, which
is lower as compared with conventional NFC and PI-con-
troller-based drive having THD of 9.25% and 20.47%,
respectively. This indicates that the power quality in case of
the proposed drive is improved as the current harmonic is
drastically lesser than that of the PI-controller-based drive.
These results are evident from figure 15. The reason for
less THD in the NFC-based drive is because of the opti-
mum selection of rules by learning method of ANN.
However, the proposed NFC with GA-based drive has
comparatively less THD (5%) as in figure 15d with respect
to the proposed SNFC-based drive. This is because of the

optimal parameter selection due to GA along with the
optimized rules obtained by NFC. Also, the NFC-based
drive has the significant advantage of controlling pulse
signal, which is independent of sampling time. This leads to
improved firing strength of the inverter and better power
quality of IM drive. Figure 16 presents the current THD vs.
load for different controllers of linearized IM drive. The
current THD gets reduced as the load increases from no-
load to full-load.

6.3 Experimental validation

The efficacy of the proposed NFC-based drive is verified
and compared in the real-time analysis under different
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Figure 17. The experimental no-load starting responses of FBL-controlled motor drive for 800 rpm using (a) PI controller: (i) speed n,,
(ii) torque Te, (iii) stator current i, and (iv) rotor d—g flux ¥ 4,5 (b) conventional NFC: (i) n,, (ii) Te, (iii) i, and (iv) ¥4, and (c) proposed
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Table 2. Controllers’ simulated and experimental performance analysis.

Speed (rpm)

Settling time (s)

Torque ripples (Nm)

Undershoot and overshoot
during 50% of rated load

Simulation Experiment

Controller Simulation Experiment Simulation Experiment Different time instants (s) t{(n,) t(n,)
PI controller 1.7 2.16 4.5 5 0 1.1 1.38
1.5 1.8 1.84

2 2.3 2.34

2.5 3.8 3.85

Conventional NFC 1.4 1.44 0.5 0.7 0 0.79 1.08
1.5 1.6 1.62

2 2.1 2.12

2.5 3.51 3.55

Proposed NFC 1.4 1.44 0.3 0.5 0 0.86 1.15
1.5 1.63 1.66

2 2.13 2.16

2.5 3.6 3.64
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Figure 18. The experimental load peturbation responses of FBL-controlled motor drive for 50% step load from 1.5 to 2 s using (a) PI
controller: (i) speed n,, (ii) torque Te, (iii) stator current i, (iv) rotor d—g flux ¥4, and (v) DC-link voltage (Vc); (b) conventional two-
input NFC: (i) n,, (ii) Te, (iii) i, (iv) W44 and (v) Vc and (c¢) proposed simplified NFC: (i) n,, (i) Te, (iii) i,, (iv) ¥4, and (v) Ve.

operating modes as shown in figures 17-20 with the
experimental set-up as in figure 9. It is observed that the
performance of the proposed simple adaptation of NFC is
similar to that of conventional NFC, but it has the advan-
tage of significantly reduced computational weight, which
is found to be 100 ps. The details of the experimental
performance under various operating conditions are pre-
sented in table 2.

Case I: Initially, the experimental performance of start-
ing dynamics and forward motoring is obtained at 800 rpm
without any load perturbation as illustrated in figure 17a—c.

The feedback-linearized IM accelerates from rest condition
to target speed 800 rpm in 1.38 s with the overshoot using
the PI controller, whereas it smoothly settles at 1.08 and
1.15 s using the conventional NFC and proposed NFC,
respectively. Moreover, the torque ripple of the proposed
NFC, like conventional NFC, is remarkably reduced to 0.5
Nm, which improves the torque response significantly as
compared with PI controller, where the ripple is found to be
5 Nm as shown in figure 17(ii). The stator current response
using all controllers is shown in figure 17(iii). The mag-
nitude of steady-state stator current is less with less
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Figure 22. Experimental start-up characteristics of proposed NFC-based FBL with (a) R,, (b) +100% R, error and (¢) —=50% R, error.

distortion using the proposed NFC as compared with PI-
controller-based drive. However, the rotor d—g components
of flux are observed as a constant magnitude of £0.6 Wb
from starting to steady-state without losing its decoupling
behaviour, which is evident from figure 17(iv).

Case 2: While IM operates at steady-state speed of 800
rpm, a sudden load of 10 Nm is applied and withdrawn at
instants 1.5 and 2 s, respectively, as shown in figure 18a.
This leads to a speed undershoot and overshoot of 2.16 rpm
at the instants mentioned above and settles down at 1.84
and 2.34 s, respectively, using the PI controller. The load
perturbation makes the motor current to increase to 12.8 A
at 1.51 s and decrease down at 2.01 s.

The proposed NFC-based feedback-linearized drive
preserves quick and robust response of conventional NFC-
based linearized IM drive. Also, there is a remarkable
reduction of torque ripple by around 90%, and reduction of
speed undershoot/overshoot by 33% over that of Pl-con-
troller-based drive during load perturbation, which is shown
in figure 18c(i) and (ii). Apart from this, the settling times
of speed during load changes are 0.16 s, which are
improved by around 10% over those of the PI-torque con-
troller. Moreover, the proposed controller-based FBL-
modelled IM drive shows less dip (2 V) and less distortion
in capacitor voltage (DC-link voltage) during the step load
change of 50% as shown in figure 18c(v). Nevertheless, the
flux components for controllers remain constant throughout
the operation, which is evident from figure 18(iv).

Case 3: The subsequent experimental performance in
reversal mode of IM is observed in figure 19a—c. The
responses of the proposed NFC-based drive resemble those
of conventional NFC, and simultaneously show the supe-
riority over PI-controller-based drive. It took place at 2.5 s
with uniform deceleration, reaching command speed of —
400 rpm at 3.85, 3.55 and 3.64 s using PI, conventional
NFC and proposed NFC-based drive, respectively, as
shown in figure 19(i). Figure 19(ii) also reveals that the
distortion in torque is drastically reduced using the pro-
posed NFC-based drive. The rotor flux component is

observed to be constant throughout the operations as shown
in figure 19(iii).

The flux remains uniform through every working mode
regardless of the speed for the various controllers, which
is obvious from the results of figure 20. Further, the
robustness of the feedback-linearized IM drive with the
proposed SNFC is investigated by experiment with the
variation of the parameter and the responses are illustrated
in figure 21. The parameter rotor inertia was increased by
coupling the existing motor with another motor, and it is
observed that the rotor takes more time (almost doubled)
as compared with figure 17(i) to reach the command value
smoothly unlike that with the PI controller as the inertia is
doubled.

7. Sensitivity analysis and robustness studies
of controllers

The experimental response of the closed-loop system under
the deviation of the system parameter is studied here and is
depicted in figures 21-23. The main objective of this sec-
tion is to verify the robustness stability, correctness and
error sensitivity of the proposed controller-based drive
scheme rather than the dynamic behaviour of the response
under the conditions mentioned earlier that are confronted
when the real-time analysis is carried out. The motor
parameters used for execution of the FBL are constant here,
and the controller used here is so designed that the system
achieves robustness stability as the parameter varies during
the operation. The impact of flux and torque error on FBL is
not considered here as the torque and flux estimator pro-
vides comparatively good results.

Taking into consideration the uncertainties, the errors of
the control signals are symbolized as Aij, and A’Zy Equa-
tion (22) is used to evaluate these errors in terms of parameter
error and to analyse the impact of uncertainties in the case of
NFC design. Hence, Eq. (22) can be written as follows:
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Figure 23. The experimental load peturbation responses of FBL-controlled motor drive for 4.5 Nm load from 1 to 1.5 s for different
gains of speed PI controller with (a) K, = 20 and K; = 0.02: (i) Pl-controller-based drive and (ii) proposed NFC-based drive;
(b) K, = 17 and K; = 0.01: (i) PI-controller-based drive and (ii) proposed NFC-based drive.

C u2
Iy = gy +jigy = ul ——.
r

(58)

Equation (58) can be written in terms of the equivalent
error Au as follows:
iy = (ul + Aul) —IZ—(MZ—kAuZ). (59)

r

Equations (58) and (59) give the equivalent error Au as

u2 u2

Au = Aul +jAu2 = ——+j—.

v, Ty,

Using Eq. (60) and with the errors (ul — Aul) and
(u2 — Au2), Egs. (19) and (20) can be written as follows:

(60)

dy R LuR, u2
r = — — 1 - 61
0 Lrn//,+ T (u +wr>, (61)
dw, B 13L, 1

However, u2 is produced by the NFC, and it has no
uncertainty. Hence, from Eq. (61), the rotor resistance R, is
the most dominant parameter variation as it changes with
temperature. However, the proposed FBL has the advantage

of not changing the rotor speed dynamics, but it affects the
rotor flux dynamics, which is shown in figure 22. It shows
that as R, increases, the rate of change of flux increases, i.e.,
it reaches the steady-state flux faster, which is evident from
Eq. (61). The maximum uncertainty of R, considered here
is 100%. Further, R, uncertainty dynamics does not change
the steady-state behaviour, making the operation robust.
Experimentally, rotor resistance is added with the help of a
switch.

Equation (62) reveals that the change in rotor inertia
J has a substantial impact on speed dynamics as the rate of
change of speed is inversely proportional to J. This implies
that the rotor takes a longer time to settle at target speed.
Figure 21 illustrates that with the proposed NFC the motor
can track the target speed smoothly unlike PI-controller-
based drive, but the settling time response is almost twice
that of the result shown in figure 17(i) as the rotor inertia is
doubled.

Further, the robustness of the proposed NFC is also
investigated by reducing the load torque to 4.5 Nm for the
same time instants of 1.5-2s. An experimental analysis is
performed by altering the gain of the speed-PI controller
(K, K;) from (20, 0.02) to (17, 0.01) as shown in figure 23.
It reveals that even if the K, and K; values of the speed-PI
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controller are altered, unlike PI controller as in fig-
ure 23a(i) and b(i), there is no such difference of speed
response in terms of undershoot/overshoot and settling time
by NFC-torque-based feedback-linearized drive as pre-
sented in figure 23a(ii) and b(ii). Therefore, the proposed
NFC provides substantial torque ripple minimization and
less dip in speed with quick dynamic response compared
with the PI-controller-based drive with deviation of speed-
PI controller gain. This shows extreme robustness and
correctness because the gain of PI controllers is tuned with
proper optimization of rule by NFC using the centre-of-
gravity method.

Tables 1 and 2 show comparative analysis of the per-
formance of NFC-based linearized IM drive with the con-
ventional PI controller. From table 2, the experimental
results are found to be slightly higher than the simulated
results because, some constraints like dead band, fluctua-
tion of temperature, hard switching effect, variation of
supply, electromagnetic interference phenomena, etc.,
cannot be ignored in the real-time analysis.

8. Conclusion

The proposed NFC incorporated with the intuitive FBL-
based IM drive is articulated in this paper. The overall drive
system was designed and modelled in MATLAB software
and experimentally investigated in real-time hardware set-
up using DSP TMS320F2812 processor.

The feedback-linearized IM drive with the proposed
NFC and NFC with GA proves the robust and fast response
with significantly reduced speed and torque ripple over PI
controller as far as starting, load perturbation and speed
reversal are concerned. Apart from benefits of NFC, the
proposed NFC with GA has the advantage of optimal
parameters selection obtained through GA. However, the
DC-link capacitor voltage is well balanced all through these
operations without using any extra controller. Further, the
flux responses all through these operations are maintained
almost constant. The performance index on integral time
absolute error indicates good responses in case of proposed
NFC compared with the conventional PI controller.

Further, the adaptability and robustness of the proposed
NFC scheme are proved experimentally by changing the gain
of the speed-PI controller. Also, the results demonstrate the
better response of flux and perfect decoupling obtained when
the proposed NFC is implemented. It is concluded from the
results that the performance of the proposed SNFC is similar to
that of conventional NFC, but it has the benefit of considerably
reduced computational burden. The comparative performance
analysis by simulation as well as experiment has been carried
out under different operating conditions as given in tables 1
and 2. It shows that the proposed NFC scheme provides a
robust and excellent performance over PI-controller-based
linearized IM without compromising on its decoupling
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characteristics. Thus, the proposed NFC as torque and speed
regulator is found to be suitable for the high-performance
industrial applications. Further, some other advanced artificial
intelligence methods with the proposed method can be
incorporated as an extension work of this article for the optimal
performance of IM drive.
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Appendix

Induction motor drive system parameters

1 Rated power P, 3.7 kW
2 Rated voltage Vir 415V
3 Rated speed n, 1445 rpm
4 Rated frequency fr 50 Hz
5 No. of pole pairs P 2
6 Stator resistance R, 7.34 Q
7 Stator leakage inductance Ly, 0.021 H
8 Rotor resistance R, 5.64 Q
9 Rotor leakage inductance L, 0.021 H
10 Mutual inductance L, 05H
11 Friction coefficient B 0.035 kg
m?/s
12 Inertia coefficient J 0.16 kg m*
Controllers parameters
13 PI-speed control K, /K; 20/0.02
14 PI-torque control K, /K; 10/0.01
15 Tuning rate of the weight Myi 0.05
16 Tuning rate of the MFs Nai/ Mpi 0.005
17 Sampling time for proposed NFC- T, 100 ps
based drive
18 Sampling time for conventional NFC- T, 250 ps
based drive
19 For SNFC-GA-based drive
Population size 40
Crossover rate 0.8
Mutation rate 0.18
Learning rate 0.045
Coefficient of momentum 0.55
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