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In this paper, we present a new sliding mode control strategy applied to the doubly fed
induction machine, this control combines sliding mode and type-2 fuzzy logic to find
robust control. The proposed control kept the part of the equivalent control by sliding
mode and will change the part of the switching by a type-2 fuzzy controller has an input
is the error between the measured value and the reference value. In this command we
apply the orientation of the stator flux to have the decoupling between the flux and the
current. The results obtained in simulation show the effectiveness of this command.

1. INTRODUCTION

Currently, AC motors are more used because these
machines are characterized by their robustness and longevity
but internal structures and control strategies more complex.

Nowadays, several works have been directed towards the
study of the doubly-fed induction machine (DFIM) [1-3], it is
a three-phase asynchronous machine with a wound rotor that
can be powered by two voltage sources [4], one to the stator
and the other to the rotor. For variable speed operation, a PWM
(Pulse Width Modulation) inverter must be inserted between
the machine and the network.

Thanks to the recent technological evolution of power
electronics and the emergence of modern control techniques,
the DFIM presents an ideal solution for high performance and
variable speed drives [5]. The interest of such a machine is
ensured operation at a very low speed. The potential
application of the MADA has been a topic of research over the
last decade.

Despite all the advantages of the DFIM: low manufacturing
cost, relatively simple construction, overload support, higher
rotation speed and no need for permanent maintenance. The
control of this machine is more complex because of the
coupling existing between their different state variables (non-
linear and strongly coupled) and a large number of control
variables [6, 7].

The control techniques classics (for example PI and PID
controllers) require a perfect knowledge of the system model
to be adjusted. These approaches lead to control laws whose
performance is strongly related to the fidelity of the dynamic
model used to describe the system behavior. Modeling errors
or variations in system parameters can affect the performance
of the adjustment as they occur directly in the calculation of
the control.

Among several types of modern controls that have attracted
the intention of many researchers in recent years, the sliding
mode control. Recent interest in this control is primarily the
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availability of high switching frequency switches and high
performance microprocessors.

The algorithm of sliding mode control is classified in
Variable Structure control System (VSS). This technique is
based on the principle that it is easier to 1* order system than
to n™ order system, whether linear or not. The principle of this
type of system with variable structure is to bring, whatever the
initial conditions, the representative point of the evolution of
the system on the surface of the phase space (representing a
set of relations between the state variables). The considered
surface is then designated as a sliding or switching surface.
The resulting dynamic behavior, called the ideal sliding
regime, is completely determined by the parameters and
equations defining the surface [8].

The advantage of obtaining such a behavior is twofold: on
the one hand, there is a reduction in the order of the system,
and on the other hand, the sliding regime insensitive to
disturbances occurring in the same directions as the inputs
(matching disturbances).

The sliding mode control is largely proven to be effective
through the reported theoretical studies, these main fields of
application are robotics [9, 10] and electric motors [11]. The
advantage of this control is to ensure the robustness of
uncertain and disturbed systems by mitigating the effects of
external disturbances to the desired level [12, 13]. However,
these performances are obtained at the cost of certain
disadvantages:

A phenomenon of chattering or chatter caused by the
discontinuous part of this command and which can have a
detrimental effect on the actuators,

The system is constantly subjected to high control to ensure
its convergence to the desired state and this undesirable.

We propose in this work to terminate these problems a
command that combines the sliding mode and type-2 fuzzy
logic to obtain a robust control. This command is named type
2 fuzzy sliding mode control, which consists of replacing the
switching function in the sliding mode control with a type 2
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fuzzy controller. An input is the error between the measured
value and the reference value. In order to test its efficiency and
robustness, the latter is applied to the control of the doubly-fed
induction machine, taking into account the parametric
variations of its dynamic model.

In this paper, mathematical model of the DFIM
in (d, q) reference is presented followed by the orientation of

the stator flux. Then, the theoretical study on type 2 fuzzy logic.

In the fourth section, we synthesize the law of the control by
the sliding mode and type-2 fuzzy of the MADA, following
the strategy of the command by the sliding mode which allows
an independent control the output state variables. Finally, the
robustness tests of the control of the machine will be carried
out. The simulations will be presented under Matlab/Simulink.

2. MATHEMATICAL MODELING OF DFIM

The machine used is supposed to have sinusoidal
distribution, symmetrical and unsaturated. It is supplied with
voltage through a PWM inverter. In a reference linked to the
rotating field (d, q), the electrical equations of the DFIM write
in the form:

d@sa
Vsa = Rslsq + d—: — WsPsq
de
Vsq = Rslsq + dtsq + WsPsa
] (1
Voo = Ryl + 201 _ (ws — ;)
rd — frird dt Wg Wy (prq
de
qu = errq + d;q + ((1.)5 - wr)(prd
where:
w, = wg—P.Q
The magnetic equations of the DFIM can be written:
Psa = lescl + M. lrd
Psq = Lslsq + M. 14 @)

Pra = Lrlrd + M'Iscl
Orqg = Lol + M.,

Ly=1ls—M;and L, =1, — M, :
stator and rotor phase;

[ls] and [[,-]: own inductances of a stator and rotor phase;

M, and M, : mutual inductances between two phases
respectively stator and rotor;

M: maximum mutual inductance between a stator and rotor
phase (the axes of the two phases coincide).

The expression of the electromagnetic torque of the DFIM
according to the stator flows and currents is written as follows:

cyclic inductances of a

M
Com = PL_ (¢sq1rd - (psdqu) 3)
s

with P: number of pairs of DFIM poles.
The model of the doubly-fed induction machine can be
written in matrix form as follows [5]:

X =AX + BU 4)
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where:
X = [(psd (psq Ird Irq]T and U=
[Vsd Vsq Vrd qu]T
1 M 0
T, I
(] 1 0 M
=|l—w R — J—
° Ts Ts
a —Bw ) (wg — w)
Bw a —(ws — w) )

1 0 0 o0

0 1 0 o0

M 0 ! 0

[B] =~ 5L,L, oL,
0 M 0 !
olgL, oL,
with:
—1_M b _Ls —_M . 5
o= LyLs > T R’ ST R OLyLsTs B
M o 1(1 M?
oLl o (T_T + LSTSLT)
The mechanical equation is of the following form:
dQ
J 2 = Com = Cr = fQ 5)

with:

Cem and C,.: the electromagnetic torque and the resisting
torque (the mechanical load);

f and J: coefficient of friction and moment of inertia of the
rotor shaft.

The synoptic diagram of a direct chain is given by the
following figure:

Network o Stator power
i supply V- .
- Qutput state
5 ) variables
=
Rotor power
supply ¥ [—>

Figure 1. Block diagram of a direct chain of DFIM

In our study, the frequency and the tension are constant. We
can see, from relation (3), the strong coupling between flows
and currents. Indeed, the electromagnetic torque is the cross
product between the flows and the stator currents, which
makes the control of the DFIM particularly difficult. In order
to simplify the order, we approximate its model to that of the
DC machine which has the advantage of having a natural
decoupling between the flows and the currents. For this, we
apply the flow orientation control which consists in aligning
the stator flux @, along the d axis of the rotating reference,
(Figure 2), [14, 15]. We thus have: @g; = ¢y and
consequently g, = 0.



(A) : Stator phase
(@) : Rotor phase
(dg) : Park landmark
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Figure 2. Stator flux orientation on the d axis

The electromagnetic torque of equation (3) is then written:

M
Cem = _PL_(psdIrq (6)
s

And the equation (2) of the flows becomes:

{(psd =@s = lescl + M. Ird (7)
Psq =0=Lglgqg + M. 14

1

lsd = L_s ((ps_MIrd)

So:

1
Isg = =1 My

If one takes the stator current in the axis of null, I;; = 0,
realistic hypothesis for the machines of high power, the current
and the tension in this axis are then in phase V; = V;, and I =

Isq.

In this case, we get:

L, (®)
Irq Y Cem
PM o,

With the assumption of constant stator flux, we obtain the
electric equations in the form:

Vsd = Rslsd

Vsq = Rslsq + WsPsa

Via = Rplrq — (wg — wr)(prq
qu = errq + (ws - wr)(prd

©)

In the principle of the orientation of the stator field ((psq =
0), the model of the doubly-fed induction machine is written:

dosg M 1

d_: :Flrd 7 Psa +Vsa
S N

deg, _M

dt - Fsqu_ws(Psd + Vsq 10
dl M 1 (10)
= =84+ (ws— w)qu tagsq — va + G'_LrVrd

dt
dl,, M -
T —(w; = 0)q = 8Lq + Bwpsy — oLgL, Yot J—LTqu

The mechanical equation is written:

dQ 1

M
2= 7 (Pl fR4C,) (n

3. BACKGROUND OF TYPE-2 FUZZY LOGIC
CONTROL

Type-1 and type-2 fuzzy logic are mainly similar. However,
there exist two essential differences between them which are:
the membership functions shape and the output processor.
Indeed, an interval type-2 fuzzy controller is consisting of: a
fuzzifier, an inference engine, a rules base, a type reduction
and a defuzzyfier [16, 17].

3.1 Fuzzifier

The fuzzifier maps the crisp input vector (eq, €5, ..., €,)7 to
a type-2 fuzzy system A,, very similar to the procedure
performed in a type-1 fuzzy logic system.

3.2 Rules

The general form of the i rule of the type-2 fuzzy logic
system can be written as:
Ife, is F} and e, is F. and ... e, is El, than

yi =Gt i=1,...M (12)

where:

Fji represent the type-2 fuzzy system of the input state j of
the i** rule, x;, x5, ..., 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 functions are replaced with their type-2
counterparts.

3.3 Inference engine

In fuzzy system interval type-2 using the minimum or
product  t-norms  operations, the i‘"  activated
rule F* (x4, x5, ..., X,) gives us the interval that is determined

by two extremes f(x;, X3, ..., X,) and f1(xq, X, ..., x,) [18]:

FL Gt e %) = [/ Gt 20, o e 0|

T (13)
= [zl' fl]
with f* and f* are given as:
i_l = %F{(xl) X .o X éF_’il(xn) (14)
fl = /‘F{(xl) X ... X MF-,il(xn)

3.4 Type reducer

After the rules are fired and inference is executed, 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
[19] are discussed. The centroid of type-1 fuzzy system A is
given by:

n oW
CA= i=141""1 (15)

n
i=1 Wi



where: n represents the number of discretized domain
of A, z; € Randw; € [0,1].

If each z; and w; are replaced with a type-1 fuzzy
system, Z; and W;, with associated membership functions
of uz(Z;) and py, (W;) respectively, by using the extension
principle, the generalized centroid for type-2 fuzzy system 4 is
given by:

GCx
_ f f f f TZ14z(Z;) X T2 oy (W)
2,€2;  Jzn€Zy Iwiew;  JwpEw, Lim1 ZiWi
Z?:1 Wi

T is a t-norm and GCjy is a type-1 fuzzy system. For an
interval type-2 fuzzy system:

GCi = (%), y- ()]
1
- fyle[y;.yal LMe{y#.ym ffle[ff‘]"' ffMe[ng“] LSyt
VL

(17

3.5 Defuzzifier

To get a crisp output from a type-1 fuzzy logic system, the
type-reduced set must be defuzzied. The most common
method to do this is to find the centroid of the type-reduced set.
If the type-reduced set Y is discretized to n points, then the
following expression gives the centroid of the type-reduced set
as:

YL yuGh)

vt = Liuoh

(18)

We can compute the output using the iterative Karnik
Mendel Algorithms [20, 21]. Therefore, the defuzzified output
of an interval type-2 FLC is:

yi(x) + ¥, (x)

Y(x) = > (19)
with:
M gii
i=1 1Y
n@) =S ’ff
s 0)
_ i=1fryr
yr(x) - M i
i=1 f7

The structure of a fuzzy system Type-2 is shown in the
figure 3. It is similar to the structure of a fuzzy system Type-
1.

Rules

Outputs processing

Outputs

Defuzzifier

—

Type reducer

h 4 I T
___________ 4
p  Inference

Fuzzy outputs

Inputs
Fuzzifier

Fuzzy inputs

Figure 3. Structure of type-2 fuzzy logic system [22, 23]

(16)
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4. TYPE-2 FUZZY SLIDING MODE CONTROLLER
DESIGN

Sliding mode control has been very successful in recent
years. This is due to the simplicity of implementation and
robustness against system uncertainties and external
disturbances affecting the process.

The basic idea of sliding mode control is first to draw the
states of the system in an area properly selected, then design a
law command that will always keep the system in this region
[12-13]. The sliding mode control goes through three stages:

4.1 Choice of switching surface
For a non-linear system presented in the following form:

X=fX1t)+gXt).ulX,t) @1
XER L UER
where: f(X,t), g(X,t) are two continuous and uncertain
nonlinear functions, supposed limited.
We take the form of general equation given by J.J. Slotine
to determine the sliding surface given by [24]:

n-1

S(X) = (%+ /1) e

(22)
where: e=X%-X , X=[x% ...x("_l)]T , X%=
[x4, x4, %4, .17

And e: error on the signal to be adjusted, A: positive
coefficient, n: system order, X¢ : desired signal, X : state
variable of the control signal.

4.2 Convergence condition

The convergence condition is defined by the equation
Lyapunov [25], it makes the area attractive and invariant.

SX)S(X) <0 (23)
4.3 Control calculation
The control algorithm is defined by the relation:
u=u®l+u" 24)

where:

u : is the control vector, u®? : is the equivalent control
vector, u™ : is the switching part of the control (the correction
factor).

u®? can be obtained by considering the condition for the
sliding regime, S(X,t) = 0. The equivalent control keeps the
state variable on sliding surface, once they reach it.

u"™ is needed to assure the convergence of the system states
to sliding surfaces in finite time.

In order to alleviate the undesirable chattering phenomenon,
J. J. Slotine proposed an approach to reduce it, by the " sign "
function of the switching surface [24].

The switching part of the control u™ is defined by:

u" = K sign(S(X)) (25)

with:



K is the controller gain designed from the Lyapunov stability.

The wuse of the function sign means that the
command u™ switches between two values +K with a
theoretically infinite frequency and is manifested by
oscillations around the sliding surface S [5].

The control algorithms based on sliding mode techniques
suffers from a main disadvantage that is chattering effect,
which is the high frequency oscillation of the controller output.
To overcome this problem and in order to reduce the chattering
phenomenon, an interval type-2 fuzzy system is used to
approximate the hitting control term. The configuration of the
proposed type-2 fuzzy sliding mode control scheme is shown
in Figure 4; it contains an equivalent control part and single
input single output interval type-2 fuzzy logic.

Equivalent
control

Non linear
system

Desired signal

Figure 4. Block diagram of the IT2FSMC

Sliding
surface

The equivalent control u,g, is calculated in such a way as to

have s = 0. Then the discontinuous control is computed by:
U = kpeslps ups = IT2FLC(S) (26/27)

where:

kss is the normalization factor of the output variable,
and uy, is the output of the IT2FLC, which is obtained by the
normalized s.

The fuzzy type-2 membership functions of the input sliding
surface (s), and the output discontinuous control (ufs) sets
are presented by Figure 5.

Interval type-2 membership function

+ (surface)

Interval type-2 membership function

0.8,
0.6
0.4
0.2
0
-1 -08 0503 0010305 08 1
Jul“‘}
(b)

Figure 5. Membership functions of input s and output uy
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In order to attenuate the chattering effect and handle the
uncertainty of the six rotors helicopter, a type-2 fuzzy
controller has been used with single input and single output for
each subsystem. Then, the input of the controller is the sliding
surface and the output is the discontinuous control uss. All the
membership functions of the fuzzy input variable are chosen
to be triangular and trapezoidal for all upper and lower
membership functions. The used labels of the fuzzy variable
(surface) are: {negative medium (NM), negative big (NB),
zero (ZE), positive medium (NM), positive big (PB)}.

The corrective control is decomposed into five levels
represented by a set of linguistic variables: negative big (NB),
negative medium (NM), zero (ZE), positive medium (PM) and
positive big (PB). Table.l presents the rules base which
contains five rules:

Table 1. Fuzzy rules for type-2 FLCs

Rulel Rule2 Rule3 Rule4 Rule5
Surface PB PM ZE NM NB
Uss NB NM ZE PM PB

The membership functions of the input (sliding surface) and
output (ufs) has been normalized in the interval [—1,1],
therefore: |ufs| <1

Ugs given in equation (27) satisfies the following condition

ups = —K*s| (28)
where: Kt > 0 is positive constant determined by a fuzzy
type-2 inference system.

Proof:

The discontinuous control laws are computed by type-2
fuzzy logic inference using equations (19) and (20) and the
iterative Karnik Mendel Algorithms presented in [26-30].
Where a; = [@i0w, aiup] fori = [1,...,5] are the membership
interval of rules 1 to 5 presented in Table 1. Moreover, s can
be further analyzed as the following six conditions given
thereafter. Only one of six conditions will occur for any value
of the sliding surface s according to Figure 4.

Condition 1

Only rule 1 is activated (s >0.5a; =[08,1],a; =
[0,0]) forj = 2,3,4,5

-08-1
Upg = IT2FLC(s) = — =-09 29)

Condition 2

Rule 1 and 2 are activated (0.25 <s<05aq =
[allowr alup]raz = [azlow: aZup]: aj = [0: 0]) fOI’j = 3'4'5

0 < aq10wr A1ow < 0.8and 0 < Aqyps Aoyp < 1

ups = IT2FLC(s)

1 (—0.8 10w — 0.3 Ay
2 T11ow + aZup
+ —dqup — 0.5 azlow>

alup + 210w

(30)

Condition 3
Rule 2 and 3 are activated (0<s<0.25,a2=

[azlowr aZup]ra3 = [a3low: a3up]: aj = [0: 0]) fOI’j = 1'4!5



0 < 10w Az1ow < 0.8and 0 < ayyyp, A3y < 1

ups = IT2FLC(s)

1 (—

2 210w + a3up
+ _0.5 a2up )

aZup + A310w

0.3 aziow + 0.1 azy,

1)

Condition 4
Rule 3 and 4 are activated (—0.25 <s<0,a3 =

[a3low' a3up]:a4- = [a4-lowra4-up] (X] = 0 0]) fOI'j = 1'2'5
0 < @310w) Aaiow < 0.8and 0 < gy, Ayyp < 1

uss = IT2FLC(s)

1 (0.1 310w + 0.5 Ay

A310w + a4-up
0.3 a410w
4+
a3up + Aaow

(32)

Condition 5
Rule 4 and 5 are activated (—0.5 <s<-025a, =

[a4low' a4up]:a5 = [a510wra5up] (X] = 0 0]) fOI'j = 1'2'3
0< Qaiows aSlOW 0.8and 0 < a4up, asup <1

s = IT2FLC(s)

1 (0.5 Agiow T Asyp

2 Aatow + Asyp (33)
N 0.3 a4y + 0.8 asww>
a4-up + Asiow
Condition 6
Only rule 5 is activated (s <-05,a5 =[0.8,1],a; =
[0,0]) forj = 1,2,3,4
1+08
uss = IT2FLC(s) = > = 0.9 (34)

According to six possible conditions shown in (29)-(34) we
conclude

Uss = IT2FLC(s) = —K*|s| (35)

with:

0.9 if s>0.5ands < —0.5
—0.8 ayjon — 0.3 Qoup  —Aup — 0.5 aZIow)

QA1up + A2i0w

—0.5 azyp >

Aup + 310w

0.3 @gi0w >
a3up + Qgiow
0.3 atyyp + 0.8 asmw)

Agup T Asiow

if025<s<05

A1j0w + Aoup

( 03amw+01a3up+

if0<s<025
K* = Q10w T Aup

0.1 @30 + 0.5 a4up

(36)

if —025<s<0
310w + Agup

(O .5 Ayiow + aSup

Ayiow + Asyp

1
2
1
2
1
2
1
2

if =05 <s<—025

In Figure 4 the control law is computed by:
U= Upg + Uy = Ugg T+ Kpsliss (37)
Then sliding condition can be rewritten as follow:

58 = —kpK*|s| <0 (38)
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§ = —kpT2FLC(s) 39)

To obtain the type-2 fuzzy sliding mode control of a doubly-
fed induction machine, the surfaces are chosen according to
the error between the reference input signal and the measured
signals as follows:

4.4 Speed control

Forn = 1, the speed control manifold can be obtained from
equation (22) as follow:

S(Q) = Qe — Q (40)
The derivative of the surface is:
S(Q) = Qe — Q (41)

Substituting the expression of Q) equation (11) in equation
(41), we obtain:

1/p.M

S(-Q) = Q‘ref + Y(L_s (psdqu + fQ + Cr) (42)

To find the expression of the control law equates equation
(42) by equation (39), we obtain:

1/p.M
Qref+](L (psdqu+fQ+C)

(43)
= —ksqT2FLC(s(Q))
So:
JLg ( f C,
g = == (O + 2047
= pM(de ref ] ] (44)
kesqT2FLC(s(Q)
pM(p fsQ ( )
We take: Iref =177 q T Irg, with:
JLs ( fo . G
A=———(Q +—Q+—)
T pMe N T ] 45)
JLs
I, = Mo krsoT2FLC(s(Q))
To check the stability condition of the system, the

constant kggq > 0.

4.5 Stator flux oriented control

In the proposed control, the manifold equation can be
obtained by:

S(ps) = 9L — 9sa

. ) ) (46)
S(psa) = 9L — sa

Substituting the expression of ¢54 equation (10) in equation
(46), we obtain:



. , M 1
S(psa) = ‘P:;f - (Vsd + Flrd - F‘psd) 47)
S S

To find the expression of the control law equates equation
(47) by equation (39), we obtain:

. ref M 1
Psqg’ — | Vsa + Flrd _F(pscl 48)
S S
= —kfsp,, T2FLC(s(0sa))
So:
T, /. 1
Lq = MS (qo;el'f —Vsa + F(psd) (49)
S

T
+3 Kfspoy T2FLC (5(@sa))

The control current .4 is defined by: Irrsf = I+ 17, with:

. 1
(p;;f - Vsd + _wsd)
s

eq_TS
lra _M< T,

T (50)
s
pd = MkfsrpsdTZFLC(s((Psd))

To check the stability condition of the system, the
constant ks, > 0.

4.6 Rotor direct current control

The expression of the control surface of the current I,.; is
given by:

SUrq) = I7g" = Lg (51)
The derivative of the surface is:
$Ura) = I7g" =4 (52)

Substituting the expression of the current I,.; equation (10),
we obtain:

S(Ird) = i:;f - (_611”(1 + ((Us - (‘))Irq + a@sq

M 1
Vrd)

oLsL, ** " oL,
Equates equation (53) by equation (39), we obtain:

(53)

I'Trsf - (—5Ird + (w5 — W + apsq —

V)
O’Lr rd
= —kfs1,, T2FLC(s(I;0))

—
oLL, *®
(54)

So:

Vea = (117::;[ + 64+ Vsa — @@sq

oLiL,
— (ws — w)Irq) oL,

+ 0L,kss;, ,T2FLC(s(Irq))

(55)
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The equation (55) can be rewritten by: V.5 = V&7 + v,
with:

. M
{V:‘g = (I:;f + 6Ly + mvsd — APgq — ((l)s - (U)Irq) oL, (56)
sbr

VY = oL kg, T2FLC(s(Iq))

To check the stability condition of the system, the
constant k¢g; > 0.

4.7 Rotor quadrature current control

The expression of the control surface and the derivative of
the current I, defined by:

{S(Irq) = Irr;f — I

. . . (57)
$(lq) = Irr;f — I

We replace the expression of the current irq (equation 10),
we obtain:

S(Irq) = i;;f - (_(ws - w)Ird - 61rq + Bwesq

M L, (58)
T oLl T oL, T‘*)
Equates equation (58) by equation (39), we obtain:
I.ng - (_(ws - (‘))Ird - 51rq + Bw(psd - mvsq
SHr
1
v 59)
+ oL, rq)
= kg1, T2FLC (5(Iy))
So:
qu = (l:;f + (ws — w)lg + (Squ — Bwpgy
V; ) L 60
+ oLL, oL, (60)

+ 0Ly Kyop, T2FLC (5(Irg))

The equation (60) can be rewritten by: V5 = V57 + U2

rq rq
With:
ver = (i’ef+(w )y + 6, — Bape +—1— )aL
rq rq S rd rq Dsa O'LSLT sq T (61)

W = oLkps, T2FLC (5(1y,) )

Park transform

Type-2 Fuzzy Sliding Mode
Control

Figure 6. Block diagram of the Type-2 Fuzzy Sliding Mode
control of the DFIM



To check the stability condition of the system, the
constant kfsqu > 0.

The structure of type-2 fuzzy sliding mode control of a
doubly-fed induction machine is shown in the figure 6. It is
similar to the structure of a Sliding Mode control; the control
kept the part of the equivalent control and will change the part
of the switching by a type-2 fuzzy controller.

5. SIMULATION RESULTS

The objective of this step is to control the DFIM by the
hybrid type-2 fuzzy sliding mode control of which the stator
of the machine is powered directly by the three-phase network
[220 / 380V, 50Hz] and the rotor is supplied with voltage
through a PWM inverter. The parameters of the DFIM used in
this work are given in the appendix.

The simulation results are grouped together in Figure 7. The
speed of the machine has a first order response of end value
157 (rad/s). Between instants t = 0.6s and t = 1.6s is applied
a charge of value €, =10 N.m. We find that the load
variation does not influence the speed and flux quantities. The
principle of vector control is verified by the decoupling
between flux and torque.

0 0.2 04 06 08 1 12 14 18 18 2
Time (s)

Torque (N.m]

0z 04 0.6 08 1 12 14 16 18
Time (s)

Figure 7. Simulation results of the DFIM controlled by type-
2 fuzzy sliding mode control

In the second test, is applied a load of value C, =

5 N.m between instants t = 0.6s and t = 1.6s a variation on

the rotor resistance at (+100%). We do not see that the

variation of the rotor resistance does not affect the speed and

flux quantities. The principle of vector control is always
verified.

Speed [rad/s)

120,

Torgque (N.m)
8 58 8 8 B

=)

Stator flux (Wh)

(=)
=]

-
=1

10

Rotor current [(A)
=)

" Time (3]

Figure 8. Type-2 fuzzy sliding mode control of the DFIM
with rotor resistance variation

6. PERFORMANCE COMPARISON

In the present study, an integral squared error (ISE), integral
absolute error (IAE) and integral time-weighted absolute error
(ITAE) are utilized to judge the performance of the controllers.
ISE, TAE and ITAE criterion is widely adopted to evaluate the
dynamic performance of the control system. The index ISE,
IAE and ITAE is expressed as follows:

T

ISE = f e?(t)dt (62)
0
T

IAE = f le(t)|dt (63)
0



T
ITAE =ft|e(t)|dt

0

(64)

For quantitative comparison between two methods, ISE,
IAE and ITAE are used as the criterion. Table.3 shows the ISE,

IAE and ITAE values of the simulation results using the vector
control proposed in [31], sliding mode control proposed in [32]
and the proposed Controller. From the comparison, it can be
seen that the performance is improved when using the
proposed controller as compared to the anther methods.
Actually these performances index are obtained at the end of
the simulation time (T=2 sec) with a sampling period h=10"*,

Table 2. ISE, TAE and ITAE performance indexes

Controllers Direct field-oriented Sliding mode control proposed in Proposed

Index control proposed in [31] [32] controller
ISE Speed 16600 13400 10300
flux 0.134 0.122 0.089
IAE Speed 84.514 74.521 50.069
flux 0.305 0.202 0.056
ITAE Speed 15.306 11.203 4.207
flux 0.1532 0.105 0.0156

It can be concluded that the system performances are better,
when using the proposed control as compared to the control
methods proposed in [31, 32].

7. CONCLUSION

This paper presents hybrid type 2 fuzzy sliding mode
control of the doubly fed induction machine and performance
evaluations. After presenting a Mathematical modeling of
DFIM, we applied the orientation of stator flux to have the
decoupling between the flux and the current for simplified the
model of DFIM.

Hybrid type 2 fuzzy sliding mode control use the equivalent
control by sliding mode and the switching by type 2 fuzzy
controller. Simulations were investigated with this type
controller and they showed very interesting performances in
terms of reference tracking, sensitivity to perturbation and
robustness under parameter variation.

In the futures works we propose another controls techniques
for example the adaptive interval type 2 fuzzy controller of the
DFIM, fusion of neural networks with fuzzy techniques and
high-order sliding mode control.
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APPENDIX

Parameters of the DFIM [5]:

Parameters Value

Nominal power P, =4 KW

Stator voltage U, =380V

Rotor voltage U =220V

Nominal current I, =15/86 A

Nominal mechanical speed Q, = 1440 rpm

Nominal stator and rotor

. wsn, = 50Hz

frequencies

Pole pair number P =

Stator resistance R, =12Q

Rotor resistance R, =18Q

Stator self inductance Lg =0.1554 H

Rotor self inductance L, =0.1568H

Mutual inductance M=0.15H

Moment of inertia J =0.2Kg.m?

Friction coefficient f=0.0011S
Nomenclature:

s, T Stator and rotor subscripts

d,q Direct and quadrate Park subscripts

V.1, Voltage/ Current/ Flux variables

Rs, R, Stator, rotor resistance

Lg, L, Stator, rotor inductance

Ts, Ty Statoric and rotoric time-constant

6, 0, Statoric and rotoric flux position

o Leakage factor

Ws Electrical stator frequency

W Mechanical rotor frequency

Q Mechanical speed

Com Electromagnetic torque

C, External load torque

PWM Pulse width modulation

T2FLC Type 2 fuzzy logic controllers

DFIM doubly fed induction machine
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