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This paper proposes Interval type-2 Fuzzy sliding mode controller based on Backstepping
(IT2FBSMC), to control the speed of a dual star induction machine (DSIM), in order to get
a robust performance machine. An appropriate control strategy based on the coupling of
three methods (Backstepping, sliding mode and type-2 Fuzzy controller) is used to build a
robust controller used to approximate the discontinuous control eliminating the chattering
phenomenon and guaranteeing the stability of the machine. Moreover, it forces the rotor
angular speed to follow a desired reference signal. The simulation results obtained using
Matlab/Simulink behavior are presented and discussed. The obtained results show that the
controller can greatly alleviate the chattering effect and enhance the robustness of control
systems with high accuracy.

Keywords: Interval type-2 fuzzy; sliding mode; backstepping; chattering phenomenon; speed
control.
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1. Introduction

In industrial applications, dual star induction machine (DSIM) has been used
instead of traditional three-phase induction machine for improving its reliability
due to its performances in high power fields and high power applications.™ In the
last years, the DSIM speed control has been the subject of investigations, and its
characteristics, performances, modeling and control are explained in detail in
Refs. 1, 2 and 4-7.

The dual stator induction machine requires a dual three-phase power supply
coupled by two voltage source inverters (VSIs) being very reliable for robust var-
iable speed operation’® and which has many advantages such as reduced torque
pulsation and reduced rotor harmonics as they can be filtered. The most important
advantage is the usage of less powerful electronic components which allow a higher
commutation frequency as the current flowing in a six-phase machine is less than
that flowing in a three-phase machine.!™*® It is used as motor or generator par-
ticularly in autonomous system, such as electric hybrid vehicles, locomotive trac-
tion, electric ship propulsion, etc."™™ Moreover, DSIM does not need any
maintenance because it is magnetless and brushless, so it is an economical
machine.!

Among the most widely used methods is the sliding mode control (SMC) method,
which has been applied to robust control of uncertain nonlinear systems.'®!! It is
widely used to obtain good dynamic performance of controlled systems especially in
complicated environment and systems with uncertainty disturbance'?; this approach
presents robustness to parameter variations and insensitivity to external dis-
turbances as well as the ability to globally stabilize the system in the presence of
other disturbances.'?

Recently, the SMC of nonlinear systems remains an important area of research in
the field of machine control. However, its major drawback is the chattering phe-
nomenon. Considerable efforts and different works are carried out for motor system
based on SMC, namely a new PI fuzzy sliding mode controller of DSIM,* fuzzy
sliding mode speed controller of induction motor,'> SMC of a dual stator induction
generator.'0

Backstepping control (BSC) is a newly developed non linear control strategy,
based on Lyapunov theory, the current form of BSC is developed by Freeman
et al.'™'®

Many newer researches address the idea of the hybrid control based on appro-
priate combination of fuzzy logic approach with various nonlinear control meth-
odologies.'*'® These control techniques without the use of intelligent methods such
as fuzzy logic cannot guarantee good robustness, stability and performance in all
different systems. Several methods have been made, including type-1 fuzzy logic. In
Refs. 14 and 19, the authors presented a hybrid control based on type-1 fuzzy
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sliding mode controller for DSIM and the proposed control in this paper can be
attenuated by the chattering phenomenon of the SMC. In, Ref. 1, the type-1 fuzzy
logic controller is proposed to stabilize the DSIM, using the control strategy fuzzy
logic, and to adjust the drive system speed. In, Ref. 20, the authors presented the
hybrid control composed by neuro-fuzzy (NF)-based auto-tuning proportional in-
tegral controller for indirect field-controlled induction motor drive, while the NF
parameters have been updated online through the use of training algorithm. The
high performances of this control strategy and their robustness have been con-
firmed in simulation results.

The combination of three recent methods based on backstepping, SMC (BSMC)
and interval type-2 fuzzy control (IT2FLC) represents a contribution of this work.
The IT2FLC is used to approximate the discontinuous control and reduce the
chattering phenomenon, and the method adopted here will guarantee the system
trajectories moving toward and staying on the sliding surface S; =0. So, an
effective and robust controller is developed for DSIM subjected to external dis-
turbances. The proposed IT2FBSMC strategy will improve the performance of
DSIM with external disturbances and guarantees the stability of this machine using
Lyapunov theorem.

The objective of the proposed IT2FBSMC strategy is to control rotor magnitude
flux and to force the rotor angular speed to follow a desired reference signal.

The remainder of the paper is organized as follows. The system description and
modeling of the DSIM is given in Sec. 2. The background of type-2 fuzzy control logic
is proposed in Sec. 3. Section 4 explains the principles of IT2FSMC based on back-
stepping for regulating the speed of the DSIM. Simulation results what used the
proposed IT2FBSMC are presented in Section 5. Finally, conclusion is given in
Sec. 6.

2. Description and Modeling of DSIM

The windings of the dual star induction machine are represented in Fig. 1, the DSIM
is composed by two stars separate with three phases winding fixed and standard
simple squirrel-cage rotor composed three rotors phases moving. The two stators are
displaced by angle (o = 7/6), their axes are shifted from each other by an electrical
1,2,6,1621 Therefore, the orthogonality

created between the two oriented fluxes, which must be strictly observed, leads to the
21,22

angle equal to (27/3) with isolated neutrals.

generation of the decoupled control with an optimal torque.
Table 1 shows the nomenclature of the parameters in DSIM model.

2.1. DSIM model
The Park model of DSIM in a (d—q) rotating frame is presented as follows.
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Fig. 1. Representation of the DSIM winding.

Electrical equations of the DSIM are given by

. d
V;isl = Rslzdsl + 7 Pds1 — WsPysi s

dt
. d
V:]sl = Rsllqsl + E%pqsl + WsPds1»

. d
V;is? = Rsﬂds? + %(pdSQ — WsPys25
) d
‘/:]52 = RSQZqSQ + E@qs? + WsPds2»
) d
0= erdr + E(pdr + (ws - wr)(pqru

) d
0= erqr + E@qr + (ws - wr)@dr'

Table 1. Nomenclature of the parameters in DSIM model.

Viiss Viss Vars Vi stator and rotor voltages d—g-axis components
Lsy Tgsy Ldrs Tgr stator and rotor currents d—¢-axis components
Dsy Pr stator—rotor flux

Pdy Pq stator flux d—g-axis components

Wy, Wy stator and rotor pulsation, respectively

Weref s Wrref stator and rotor pulsation references, respectively
Orref rotor flux control reference

R,, R, stator-rotor resistance
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Table 1. (Continued)

T, load torque

w mechanical speed

Welref sliding speed reference

Com electromagnetic torque

L, L, stator and rotor inductance, respectively
L, mutual inductance

J total inertia

P number of pole pairs

Ky friction coefficient

Expression of the electromagnétique torque of DSIM is given by

Cmn, = [Sarh'(iqsl + iqu) - @qr(idsl + idsZ)]' (2)

"L+ L
In field-oriented control (FOC), the flux vector is forced to align with the d-axis
(¢4 = 0) in order to have decoupling model which is similar to a DC motor. The
DSIM state equations in the reference (d, ¢) are given by

. 1 . .
tas1 = L_ (‘/dsl - Rslzdsl + ws(lezqsl + E‘djrrefwgll'ef))v
sl

" 1 . .
Lys1 = L— (‘/qsl - Rsllqsl — Ws (leldsl + (rbrref))v
sl

. 1 . )

Lisa = L (VdSQ - RSQZdSQ + wS(LSQZ(]SQ + Tr¢rrcfwglref))a
S

. 1 . .

lys2 = T (‘/:132 - Rs21q52 — Wy (LSZZdSZ + ¢rr0f)),

52

)

—~
w

=

o

o L, S
Q= 5 (pm(brref(zqsl + qu?) - CT - KfQ>7
L, R,

—R,
ér +

ey A e A R

The FOC-based conventional PI speed controller is required in some industrial
processes. It is easy to design and implement. However present difficulty is in terms of
dealing with parameter variations and load disturbances.?!"** Later, if leads to a big
loss of control performance. To overcome these problems, a robust control strategy
based on synthesis of the hybrid (backstepping, sliding mode and interval type-2
fuzzy) control with a sliding surface to dual star induction motor for speed and flux
control is proposed.

3. Background of Type-2 Fuzzy Logic Control

Type-1 and type-2 fuzzy logics are mainly similar.?* However, there exist two
essential differences between them which are the membership function shape and the
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output processor. Interval type-2 fuzzy controller is very effective in cases where it is

difficult to determine an exact membership function for a fuzzy set.*!

3.1. Fuzzifier

The fuzzifier maps the crisp input vector (e, es,e,)” to a type-2 fuzzy system Ax,
very similar to the procedure performed in a type-1 fuzzy logic system.

3.2. Rules

The general form of the ith rule of the type-2 fuzzy logic system can be written as

.ot Y . i
Ife,is F; and eyis F'y and ...e,is F,,

L (4)
theny =G, i=1,...,M,

where Fl-j represents the type-2 fuzzy system of the input state j of the ith rule,
x1,Tq,...,x, are the inputs, G' is the output of type-2 fuzzy system for the rule i,
and M is the number of rules. As can be seen, the rule structure of type-2 fuzzy logic
system is similar to type-1 fuzzy logic system except that type-1 membership func-
tions are replaced with their type-2 counterparts.

3.3. Inference engine

In fuzzy system interval type-2 using the minimum or product #norms operations,
the ith activated rule F'(x,. ,T,) gives us the interval that is determined by two
extremes f'(x1,...,z,) and f'(21,...,,) (see Ref. 25):

Fi(ay,...x,) = [f (21, ), [l )] = [ ] = (£ F) ()

with: f' and F' are given as

3.4. Type reducer

The obtained type-2 fuzzy system resulting in type-1 fuzzy system is computed.
In this part, the available methods to compute the centroid of type-2 fuzzy system
using the extension principle?® are discussed. The centroid of type-1 fuzzy system A is
given by

T zw;
21;1 et , (7)

D i1 W

where n represents the number of discretized domain of A, z;eR and w;e [0, 1].

If each z; and w; are replaced with a type-1 fuzzy system Z; and W;, with asso-
ciated membership functions of p,(z;) and p,(W;), respectively, by using the

Cy=
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extension principle, the generalized centroid for type-2 fuzzy system A is given by

GCA :/ / / / (Tilipnz(2;) * Tty ()] %7
2 €7, 2,€Z, Jw, €W, w, €W, Zizl w;
(8)
where p,(z;) and py (W;) are the associated membership functions. T is a t-norm

and GCj is a type-1 fuzzy system.
For an interval type-2 fuzzy system,

GC; = [yi(z),y.(2)]

M
:/ / / / 1 Zi:1f'yz
yrely) vt g ey y ] frelfLf Fue( ) Mg

(9)

3.5. Deffuzzifier

To get a crisp output from a type-1 fuzzy logic system, the type-reduced set must be
defuzzied.

We have used the center of area defuzzification for the calculation of the value of
output uy:

_ Z?:l Ofi.ui(s)
Z?:l wi(s)

where Cy; is the center of the membership functions of u.

4. Interval Type-2 Fuzzy SMC Based on Backstepping
(IT2FBSMC) Design

The SCM is an effective control strategy in modern control because of its robustness
and simple realization; it consists in bringing the state trajectory of a system toward
a chosen manifold in the state space called the sliding surface and making it switch by
means of a suitable switching logic around it to the equilibrium point.>”

A problem of the conventional sliding mode controller technique produces high
frequency oscillations and dangerous vibrations in its outputs called chattering.
Chattering is undesirable in conventional sliding mode controller in practice because
it can excite the high frequency dynamics of the system.'?>** In order to guarantee the
performance, stability and robustness of the sliding mode controller to the uncer-
tainties, we need to eliminate the chattering effect.

The basic idea of the backstepping control (BSC) design is that it can effectively
linearize a nonlinear system such as DSIM in the presence of uncertainties. The BSC
decomposes the global law of control by dividing the backstepping design into var-
ious design steps using the intermediate control (virtual control) result in each step
dealing with a single-input—single-output design problem, and each step as reference
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signal for the next design step until the completion of the control design (actual
control). The objective of the controller is to build an adequate function of Lyapunov
guaranteeing that the system is asymptotically stable and to achieve the objective
tracking.

The recursive nature of the proposed control design is similar to the standard
backstepping methodology. However, the proposed control design uses backstepping
to design virtual controllers with a zero-order sliding surface at each recursive step.
The benefit of this approach is that each virtual controller can compensate for
unknown bounded function which contains unmodeled dynamics and external
disturbances.?®

The proposed idea of interval type-2 fuzzy SMC based on backstepping
(IT2FBSMC) contains an equivalent control part and single-input-single-output
interval type-2 fuzzy logic is used to approximate the discontinuous control and to
improve the overshoot and settling time. The block diagram of the IT2FBSMC is
shown in Fig. 2; it contains an equivalent control part and single-input—single-output
interval type-2 fuzzy logic.

The SMC law can be represented as u = u,, + u,; the equivalent control u,, is
expressed, considering that the derivative of the surface is zero S =0 and the dis-
continuous control u, is computed by

Ug = K,fsufsa (11)
uy, = IT2FLC, (12)

where u, is the output of the IT2FLC, which is obtained by the normalized s, and
K, is the normalization factor of the output variable.

Figure 3 illustrates such a concept, in which five labels of fuzzy sets are assigned
to the input sliding variable s (NB; NM; ZE; PM; PB) which mean negative big,
negative medium, zero, positive medium and positive big, respectively. All
the membership functions of the fuzzy input linguistic variable Si is chosen to be

triangular and trapezoidal.
L Equivalent control

» synthesized by
backstepping

Non linear (-
system

Desired
signal

> Sliding surface
synthesized by |

backstepping

Fig. 2. Block diagram of the IT2FBSMC.
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Fig. 3. Membership functions of input s and output u fs'zx

For the output discontinuous control u, the labels of the fuzzy sets are also five
(NB; NM; ZE; PM; PB) which mean negative big, negative medium, zero, positive
medium and positive big, respectively. The fuzzy type-2 membership functions of the
input and output are presented in Fig. 3.

Table 2 presents the rule’s base which contains five rules.

The membership functions for the inputs and the outputs are defined in the range
[—1,1], therefore, [us| < 1.

uy, given in (4) satisfies the following condition:

SUfs = _K+|S|7

where KT > ( is positive constant determined by a fuzzy type-2 inference system.

Table 2. Fuzzy rules for type-2 FLCs.”

Rulel Rule2 Rule3 Rule4 Ruleb
Surface PB PM ZE NM NB
ug, NB NM ZE PM PB
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Proof. The discontinuous control laws are computed by type-2 fuzzy logic inference
using (20) and the iterative Karnik Mendel algorithms are presented in Refs. 29
and 30, where o; = [Q1gy, Qiyp) for i = [1,..., 5] is the membership interval of rules 1
to 5 presented in Table 2. Moreover, uy, can be further analyzed as the following six
conditions given thereafter. Only one of the six conditions will occur for any value of
the sliding surface s.2° O

Condition 1
Only rule 1 is activated (s > 0.5,y = [0.8,1],a; = [0,0] for j = 2,3,4,5)

—0.8-1

uy, = T2FLC(s) = 3

—0.9. (14)

Condition 2

Rules 1 and 2 are activated: (0.25 < s < 0.5, = [10y, Q1yp], Q2 = [Qa1gs Qo)
[0,0] for j = 3,4,5)

0 S Alowr X2low S 0.8 and 0 S alupa a2up S 1

U/‘g _ TQFLC(S) _ l <—0.80l110w - 0.306211}) + —Qyp — 0.5a210w) '
2 Qlow T Qoyp Q1yp + ®low

j:

(15)

Condition 3

Rules 2 and 3 are activated: 0 < s < 0.25, a9 = [Qa1ow Qoup), 43 = [X310ws Xgup), O =
[0,0] for j =1,4,5)

0 < itow; As10w < 0.8 and 0 < aigyy, iy < 1

Ups = T2FLC(3) _ l (_0.3042low + 0.1a3up n — 0'5a211p )
s 2 )

(16)
Qgloy + Qgyp Qg + 3l

Condition 4

Rules 3 and 4 are activated: (—0.25 < s < 0,3 = [Q310ws Q3up), % = [Qatows Cayp)s
a; = [0,0] for j =1,2,5)

0 < agiow, Aoy < 0.8 and 0 < ayyp, Qugyp < 1

l (0.104310W + 0'5a4up i 0.30[410w >

up, = T2FLC(s) =
! 2 A3low + U gup A3up + U Ylow

(17)

Condition 5

Rules 4 and 5 are activated: (—0.5 < s < —0.25, a4 = [Qigw; Qunp)s 5 = [Q510w,
Qsup), oy = [0,0] for j=1,2,3)

0 < auiows Quiow < 0.8 and 0 < aigyy, gy < 1

1 /0.5ay0y + sy 0.3y, + 0.80510w
ufS:T2FLC(s):—< & by o 2 )
2 Qylow + Asup Xgup + Q510w

(18)
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Condition 6
Only rule 5 is activated (s < —0.5, a5 = [0.8,1],; = [0,0] for j = 1,2,3,4)

1+0.8
up, = IT2FLC(s) = +2 —0.9. (19)
According to six possible conditions shown in (33)—(38) we conclude
sug, = sT2FLC(s) = —K™*|s| (20)
With
0.9 if s>05 and s< —0.5,
1 /—0.8010w — 0.300y, —1up — 0.500910y )
_< el Cowp 4 ~hup — 70 )’ it 0.25 < s < 0.5,
2 Aoy T a2up alup + Q10w
1 /=039y + 0.1y, —0.509, )
. —( - Lo O‘“)‘ it 0<s<0.25
KT = 2 Q9low T A3up Qoyp + Q310w
1 /0.1 W +0.5 up 0.3 ow :
_< *3lo C4up | ) >’ if —0.25<s<0,
2 A3low + a4up a3up + A glow
1 /0.500w sup . 0-30uup + 0.80510w .
L (200w T Ysup | D50y 0.8 if —0.5<s<—025.
2 Oylow + Asup Agup + Aslow
(21)
In Fig. 2, the control law is computed by
U = Upq + Uy = Upq + Kyt g, (22)
Then, sliding condition can be rewritten as follows:
55 =~k K"[s| <0 (23)
or
5 = —k;T2FLC(s). (24)

We show that the dynamic equations of the DSIM are nonlinear, therefore, give a
complex control which is difficult to conceive. To avoid this complexity, a back-
stepping controller mechanism for the rotor speed regulation and the rotor flux
generation can be applied.

The objective of the reverse controller is to build an adequate Lyapunov function
guaranteed that the system is asymptotically stable and achieves the objective
tracking. The final Lyapunov function associate is the sum of all Lyapunov functions
adapted at each backstepping stage.?'*? So, the overall stability and performance are
achieved by Lyapunov theory for the whole system.

The block diagram of the proposed IT2FBSMC is shown in Fig. 4.

The synthesis of the hybrid (backstepping, sliding mode and IT2FLC) control
with a sliding surface to dual star induction motor can be achieved in two successive

Steps.32734
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IT2FBSMC Controller

Calculate Of Calculate of Val,\-L l—‘ |_|
lasrer £q. (38) 2% Eq. (43) [ Pl Inverter |
P ML
P Vst
Calculate of |
VrEg. (43) [ i o
H 451 —
= DSIM b
Drres Sy ‘ Calculate of

N | —

Igsires Sys1 |Calculate of __
'I s Sang Vi Eq. (43) |} I_ﬁ_l

g Eq. (44)

=

iy 4
1s2refny Sys2 Calculate of | i InMvz;tgr
Vq:? Eq (43) :
Igs2
Rotor flux
estimator

Fig. 4. Block diagram of the proposed T2FBSMC.

Step 1: Speed and Fluz regulators

The equivalent control of the speed and the rotor flux module is computed as
follow:

5= {S“’ - Oj (25)

The rotor speed and the rotor flux surface S, and S, are defined by

Su' = Wref — Wy,
’ ‘ 26
{Sgo = ¢rcf - ¢)r' ( )
Derivative of the sliding surface S, and S, are calculated by
Sw = LZJrre - wm
{ o e (27)
S¢ = ¢rref - ¢r'

Replacing the derivate of the speed w, and flux ¢ from (3) in (27), thus, one obtains
the following equations:

2
: . D L, . . p Kf
S, = Wppet —— ———— O, , . C.=+—uw, 28
w Wrref ] Lm n er ¢1ref(lqbl + an?) + r ] + J Wy ( )
. . R, R,.L,
§. = 7 _ rm P o). 29
] (brref + Lm I Lr ¢r Lm ¥ Lr (Zdal + Zdé?) ( )
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We define the first function of Lyapunov V; which constitutes the speed and flux
sliding surface as follows:

1
Vi=5(52+57). (30)
The time derivative of (29) is obtained by
Vi =5,5,+5,5,. (31)

Accounting to (28) and (29), one can rewrite (31) as follows:

2
- . p° Ly Ky
Vl - Sw{wrref ,] Lm + L (brret( Lgs1 + qu2) + C ] + ] w }
. R, R,.L . .
SC){qbrref + Lm _’i Lr ¢7‘ - Lm7+7zr (stl + st?)}' (32)

According to the required slip condition obtained in (24), we propose,

o = I i)+ O B K, ToRLC(S,),  (33)
Wrref J Lm + L rref (Zgs1 an? ] ] w fsw w/s

y R’!‘ RTLm . .

(brref + ¢ (’Ldsl + st?) = _Kfs¢T2FLC(S¢) (34)

LTYL + LT " L’U’L + LY'

. . . _ . . . s _ 1 .
ASSUmng that Lasivef T Ldsoref = 2stlrcf = Udsref So Ydsiref = ds2ref — §strcf'
So, (34) becomes

R,.L

— Z.dsref' (35)

Orret + m

¢ + K, T2FLC(S,) =

L+L

m T
Finally, the reference current i, is determinated from the following expression:

Lm + L’r‘

et = | ¢ K ;,, T2FLC(S, 36
Ydsref <¢rref + Lm + L (br + fsd ( ¢)) Rer ( )
Similar to the I, case, (33) becomes
. p Kf p2 Lm
Wrref + Cr_- +_-wr + K szQFLC Sw = 7 7 Prreflysre 37
f PR f (S,) = L,,I+L¢qu (37)
The reference current i, is determinated by the following expression:
K; L L,
iqsref = ( Wrpef + C + w + KfawTQFLC(S )) LQ % (38)
p m Prref

Step 2: Current regulators
In this step, four new errors of the components of the stator current are given by

Sdsl = Tdsiref — dsl»
Sds? = Ydsoref — Uds2 (39)
qul qehef qsla

quQ - qs?rcf qu'

1950012-13
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The augmented Lyapunov function for the second step is given by
(52+52+5d91+sd92+5q91+5q92) (40)

We take note that V, is chosen in such a way that it permits in achieving the
control law.
The derivative of the positive definite function V; is

V2 = Swa + S¢S¢ + Sdslsdsl + SdsZSdSZ + qulsqsl + qu2qu2' (41)

By applying the Lyapunov stability theorem as in the first step, we obtain

. . 1 ‘ ‘

Sdsl = Ydsiref — T{Klsl - Rslzdsl + Wy (lezqsl + Tr¢rrefwg11'ef)}a
sl

: . 1 ) )

SdsZ = ldsoref — L_ {‘/deQ - Rs2zd32 + "‘)S<L52,qu2 + ﬂ’qsl'rcfwglref)}a
52

(42)

. . 1 , )
qul = lgslref — L_{V:]sl - Rsllqsl - ws(leldsl + ¢rrcf)}7
s1

. . 1 , :
qu? = Tgsoref — L_ {‘/2152 - R522q52 - ws(Ls2st2 + (brref)}'
s2
Finally, by putting equivalence between system of (42) and system of (24), we

obtain (43) which represents the real control

Vvdsl = le (KfsdslT2FLC(Sdsl) + ’zdsh‘ef) - Rslidsl + ws (leiqsl + ﬂ'¢rrefwglref)7
Kfsd52T2FLC(Sd52) + ids?ref) - R527;d52 + wS(LSQiqSQ + Tr¢rrefwglref)7

‘/dSZ - (
q91 - (KfsqslT2FLC(qul) + iqslrof) - Rsliqsl - ws(leidsl + ¢rrcf),
(152 (Kf(sq52T2FLC(Sq52) + iquref) - RsZiq:;Q - ws(LSQidSQ + ¢rref)'

(43)
We can write Eq. (43) as follows:
Vy = S,(~K,T2FLC(S,)) + Sy(—K,T2FLC(S,))
+ Sgs1 (— K 551 T2FLC(Sg41)) + Saso (= K foa52 T2FLC(S42))
+ qul (7Kf€qslT2FLC(Sq<;1)) + quQ(7Kfsq52T2FLC(Sq52))' (44)
The chosen law for the attractive surface of (41) stratifying the necessary condition
of sliding (S, - S;) < 0 obtained in (44) is
As for the IT2FBSMC approach, we must find a control law to reach it and stay
thereafter:
U = ucq =+ us, (46)

where u,, is the equivalent control. It makes the derivative of the sliding surface
equal to zero to stay on the sliding surface, u, is the discontinuous control.
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The condition to stay on the sliding surface is §; = 0; therefore, the equivalent

control is
j L+ L, R,
Uequw = 2 L, Goret (¢r1ef + L+ L o
Lm + Lr . p K
Ueqp = W <wrref + C j + TJ‘W
Ueqds1 = leidslref - Rblzdsl + wy ( sliq.sl + ﬂ'qsl'l'efwglref)y (47)
Ueqds2 = LSQidSQref - RLsQZdaQ + W ( 527;qs2 + Tr(brrefwglref)a
ueqqsl = leiqslref - Rsliqsl ( slldsl + ¢1ref)
Ueqqs2 = LSQiqs2rcf - RSZ’iqSQ - ws(Ls2id52 + ¢rrcf)'
At this present stage, the control discontinuous control law w,; is designed as:
J Lm + Lr'
Uswy = <57 1 K ewT2FLC Sw))a
p2 Lm ¢rrcf ( ! (
Lm + L
ty = 28 (K T2FLO(S,)
rm
(48)

(
(
Uggs1 = L.lefsqslTQFLC(
(

where K, are positive constants.

5. Simulation Results

Usds1 = leKfsdslT2FLC Sd91)7
Usds2 = LSQKfsdsQT2FLC Sds?)

Uggs2 = L.lefsqSQTQFLC quQ P

)

1)7
)

The proposed control strategy (IT2FBSMC) of the speed and flux regulation of
4.5kW dual stator induction machine designed in this work has been done and
validated by Matlab/Simulink software whose parameters are given in Table 3.

Table 3. DSIM motor parameters.
Item Symbol Data
DSIM mechanical power P, 4.5kW
Nominal voltage V, 220V
Nominal current I, 6.5A
Nominal speed W, 300rad/s
Pole pairs number P 1
Stators resistances R, =R, 3.72Q
Rotor resistance R, 2.120Q
Stators self-inductances Ly =Ly 0.22H
Rotor self-inductance L, 0.006 H
Mutual inductance L, 0.3672H
Moment of inertia J 0.625 kg - m?
Friction coefficient Ky 0.001 Nms/rad
Nominal Frequency f 50 Hz
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Fig. 5. Simulated results of speed response.

Figures 58 show the simulated responses of speed, electromagnetic torque, rotor
field and the d—g-axis stator currents, respectively.

The initial rotation speed of the motor is 200rd/s to 3s up to —200rd/s during a
period of 0.3 s and after it is fixed to —200rd/s while the other parameters are held
constant. The initial load torque of the motor 14 N - m is abruptly applied at 2s
(Fig. 6), until the end and pursued by an inversion of speed reference in +200rd/s at
3s.

The torque rises quickly when the load disturbance torque increases from 0 to
14N -m (Fig. 6), this increase shows the effectiveness of the proposed control in
terms of load disturbance rejection, on the other hand, the torque decreases quickly

100

Torque

Torque (Nm)

Time (s)

Fig. 6. Simulated results of torque under a load C, = 14N -m in 2s.
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d axis flux

ffffff q axis flux

Time (s)

Fig. 7. Simulated results of rotor flux.

to attain the commanded value, once the speed degraded and reaches the value
—2001rd/s, thereafter, the torque settles to provide only the losses of the machine
performances.

In Fig. 7, the decoupling of torque—flux is maintained in permanent mode.

Figure 8 shows that the response of the current of the g-axis which controls the
torque is similar to electromagnetic torque, whereas the current of the d-axis which
controls the flow of the rotor remains constant.

Those results confirm the high performance of the proposed controller and dem-
onstrate the robustness under various operating conditions as well as assure global
stability of this machine.

igsl, ids1 (A)

Time (s)

Fig. 8. Simulated results of currents stator (ig,%4s1) under a load Cr = 14N -m in 2s.
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6. Conclusion

In this paper, a control strategy based on interval type-2 fuzzy and backstepping
sliding mode (IT2FBSMC) has been proposed for a class of multi-input multi-output
nonlinear system (DSIM) in the presence of bounded internal and external dis-
turbances. This combination has been used for deriving the desired thrusts to achieve
the required control performance and to eliminate the chattering phenomenon. The
effectiveness of the proposed hybrid nonlinear control is validated using Matlab/
Simulink. The obtained results show good performances and assure global stability,
it allows having fast response without overtaking, settling time in speed response and
completing decoupling between the flux and the torque. Moreover, the proposed
IT2FBSMC is considered as a major step in the evolution of intelligent control.
Finally, the experimental implementation of the proposed control scheme will be
addressed in the future work.
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