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Abstract: The mean of this paper is fuzzy sliding mode control of a Doubly Fed Induction Motor (DFIM); it’s the
coupling of the fuzzy logic control and sliding mode control (SMC). The use of the sliding mode method provides
very acceptable performance for DFIM control, and the chattering phenomenon effect is also eliminated by the fuzzy
logic mode. In the first part, we carried out briefly a study of modeling on the full system. This model is intended to
facilitate the procedures for setting and controlling the speed. We introduced the parameter variation to test the
robustness of the control laws. The results of our simulations are conducted to validate the theory and indicate that
the control performance of the DFIM is satisfactory and the proposed fuzzy sliding mode control (FSMC) can

achieve favorable tracking performance.
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1. Introduction

Since the early years of industrialization, the
researchers were faced with "how to control the
electric machines at variable speed.” Electric drives
require high performance, increased reliability, and
reduced cost. Among these machines is doubly fed
induction machine (DFIM) [1-3] is an asynchronous
machine with wound rotor which can be supplied at
the same time by the stator and the rotor with
external source voltages [4].

It was first studied to be used as a high-speed
motor. The many benefits of this machine are:
reduced manufacturing cost, relatively simple
construction, higher speed and do not require
ongoing maintenance. In  recent decades, the
advances in technology of power electronics and
microcomputer, different applications of DFIM
became possible. Their interest lies mainly in the
speed control options with and without mechanical
sensors as well as the regimes in either motor or
generator operations with flux control powers for
hypo and hyper-synchronous features [5]. For
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operation at different speeds a converter PWM
(Pulse Width Modulation) must be inserted between
the machine and the network. Whatever the speed
of the machine, the voltage is rectified and an
inverter connected to the network side is responsible
to ensure consistency between the network
frequency and that delivered by the device. The
DFIM is essentially nonlinear, due to the coupling
between the flux and the electromagnetic
torque. The vector control or field orientation
control allows a decoupling between the torque and
the flux [6] [7].

With the field orientation control (FOC) method,
induction machine drives are becoming a major
candidate in high-performance motion control
applications, where servo quality operation is
required. Fast transient response is made possible by
decoupled torque and flux control

Sliding mode control (SMC) technique, due to
its order diminution, disturbance elimination,
robustness and simple realization, is one of the
prospective control methodologies for electrical
machines [8] [9].
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The main feature of SMC is the robustness against
parameter variations and external disturbances.
Various applications of SMC have been conducted,
such as robotic manipulators, aircrafts, motors,
chaotic systems, and so on [10-12].

SMC has been employed to the control of the
many type of machines. But because of the discrete
laws control switch feature of SMC, the chattering
can occur in the control system [13], [14 —16].

Fuzzy logic is a potent tool for controlling ill-
defined or parameter-variant plants. By generalizing
Fuzzy rules, a Fuzzy logic controller can cope well
with severe uncertainties. Fuzzy schemes with
explicit expressions for tuning can avoid the heavy
computational burden [17-20].

In order to reduce or eliminate the phenomena
chattering, researches have proposed the fuzzy
sliding mode [9] [21] [22], and the adaptive fuzzy
sliding mode control for Brushless Doubly Fed
Machine [23] and in the power system [24].

In this work, for their simplicity and efficiency
to capture the severe nonlinearities of the DFIM, the
fuzzy sliding mode control will be used. Till now,
fuzzy sliding mode control has been used in very
few control applications such as, nonlinear control
and the speed control of machines. Nevertheless it is
still possible to achieve robustness and highly
efficient dynamics using a control technique. This is
the case with the controller presented herein where a
fuzzy sliding mode controller is designed to achieve
the speed stabilization of DFIM. The present work
deals with a fuzzy sliding mode controller method
for controlling the speed of DFIM in a vector-
control mode.

The paper is organized as follows: In Section 2
mathematical model of the DFIM is presented. In
section 3, we begin with the DFIM oriented model
in view of the vector control; next the stator flux ¢s
are estimated. Fuzzy sliding mode is presented in
section 4 and gives the design procedure of the
proposed controller with the simulation results given
in section 5. Finally, some conclusions are drawn in
section 6.

2. Description and modeling of DFIM

In the training of high power as the rolling mill,
there is a new and original solution using a double
feed induction motor (DFIM). The stator is feed by a
fixed network while the rotor by a variable supply
which can be either a voltage or current source.

The three phase induction motor with wound
rotor is doubly fed when, as well as the stator
windings being supplied with three phase power at
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an angular frequency ws the rotor windings are also
fed with three phase power at a frequency w.

The electrical model of the DFIM presented in
figure 1, is expressed in a (d-q) synchronous rotating
frame.

2.1 Reference fixed relative to the rotating field
(d, q)

For a reference related to the rotating field, the
following electrical equations are deduced:

-Vsd':[RS 0]|sd_+g_®sd_+[ 0 —ws}rbsd
V| [0 Rillg] dt| Py | @, 0 || Pg
(1)
_Vrd_=|:Rr O}_Ird_+i_q)fd_+[o _w}{q)rd}
V| L0 Rlq]| dt|@q| [@ 0 | P
)

With I, I, Vs and V, denote stator currents, rotor
currents, stator terminal voltage and rotor terminal
voltage, respectively.

The subscripts s and r stand for stator and rotor
while subscripts d and g stand for vector component
with respect to a fixed stator reference frame [25].

The fluxes are given by:

Psd =lslsg +Mlyg
fg =lslsq +Mirg
#rd =llrg +Mlgg
rq =Irlrq + Mlgq

@)

Where ¢s, ¢r, Is, Ir and M represents the stator
flux, the rotor flux, the stator inductance, the rotor
inductance and the mutual inductance, respectively.

Figure.1 Defining the real axes of DFIM from the
reference (d, q)
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Replaces (3) in (1) and (2) we obtained:

vw=&@+gmw+m%ﬁ—%um—%mw
Vsq =Rslsq +IS%+M%+%ISIM + Ml 4
szRHm+h%T+Md;d—Mﬂm—wM@
vmzRHm+hd;q+M9§1+Mﬂm+wmgd

(4)

Where ws, @, Rs and R, denote stator pulsation,
rotor pulsation, stator resistance and rotor resistance,
respectively.

2.2 DFIM model in the form of state equation

For the DFIM the control variables are the stator
and rotor voltages, [26] by considering:

e An input-output current decoupling is set
for all currents;

e The (d-q) frame is oriented with the
stator flux;

o Due to the large gap between the
mechanical and electrical time constants,
the speed can be considered as invariant
with respect to the state vector.

Under these conditions, the electrical equations
of the machine are described by a time variant state
space system as shown in (5)

X =AX +BU

Y =C.X ®)

With X, A, B, U, Y and C represent the state

vector, system state evolution matrix, matrix of

control, vector of the control system, output vector

and output matrix (observation matrix) respectively,
Where

Xz[isd isq irg irq]T (6)

U Z[Vsd Vsg Vid Vg ]T ()

Using the frequently adopted assumptions, like
sinusoid ally distributed air-gap flux density
distribution and linear magnetic conditions and
considering the stator voltages (Vsi, Vsq) and rotor
voltages (Vig, Vig) as control inputs, the stator
current (lsq, lsq), and the rotor current (lq, lrq) as state
variables.
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From a matrix representation:
ly| [L, 0 M o]"
di's| [0 L 0 M
dt{1,| |[M 0 L 0
q 0 M 0 L]
all a12 al3 ald]lw |
a2l a22 a23 a24||ly ®)
a3l a32 a33 a34| |,
a4l a42 a43 add] 1, |
L 0 M 07"V
0 L, 0 M| |Vyq
_|_
M 0 L O Vg
0 M 0 L] |V,
Let:
LL 0 M O
0 0 M
(- ,
M 0 L O
0 M 0 L
all al2 al3 al4
[Z] a2l a22 a23 a24
a3l a32 a33 a34
a4l ad42 a43 ad4
And
all=a22=a33=a44=-R;
al2 = o,L,;al3=0; al4 = oM
a2l=-o,lL,;a23=-o,M,; a24=0
a31=0;a32=(w, —w)M;a34=0
adl=—(o, —w)M; a42 =0; a43=—(w, — o)L,
Then the equation (5) becomes:
CL—)t(:[L]l.[Z].X LMY (©)

In analogy to equation (9) with equation (5) we
find A=[L]. [Z] and B=[L]™. [25]
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—d aw + wg as as@
—amw — g —& —ag az
A= ay —agw —ay _e + wg (10)
o
(4]
ag 3 —-o;  —a
L o |
b 0 b 0
0 0 b
B= b 3 (11)
b, 0 b 0
0 b, 0 b
1 000
0100
C= (12)
0 010
0 001
Where
1_0- — RS — Rr — RTM
a=— AToL %2ToL 3 oLl
_ RM M M 1
%= oLL, % = ol % = oL, o ol 2 oL,
2
i
O-LS Lr LSLI'

Ls, L+ are stator and rotor cyclic inductances, o is
redefined leakage factor. [26]

The generated torque of DFIM can be expressed
in terms of stator currents and stator flux linkage as:

Ce :%(%q-ird —dsd -irq) (13)

P is number of pole pairs; In addition the
mechanical dynamic equation is given by

J‘L—?zce—cr—m (14)

J, Ce, Cy, and f denote the moment inertia of the
motor, the electromagnetic torque, the external load
torque and viscous friction coefficient, respectively.
Q is the mechanical speed.
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3. Vector control by direct stator flux
orientation

To simplify the control we need to make a judicious
choice reference. For this, we place ourselves in a
reference (d, q) related to the rotating field with an
orientation of the flux stator, according to the
condition of the stator flux orientation. [27] [28]

bsq = s &¢sq =0 (15)

By replacing (15) in (1) and (2) we obtain

Vsd = Rslsg Psq=0=lgg=——1Iyq
Vsq =Rslsq + @ségq s
Vid =Rl _a’¢rq =1 s :O*
Vg = Rrlrq + @ g =f/|—s
(16)

The torque equation becomes

PM
Co=—"¢ .Irq (17)
Ls
L *
Irq = 2 +Ce (18)
P.M .4

Equation (4) was:

dos
a5

ReM 19
T2 g +Veg (19)

*

&5

According to the equation (3) of the stator flux,
then:

1

Isd :L_(¢sd _erd)
; 0)
Isq :r(¢sq _erq)

From the relations (20) and (4)
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M

¢sd =Veg +— T, Irg _Ts Psd
" (21)
Psq =Vsq + — lrq — @sPsq
The relationship of the rotor current
: 1.1 M? M
g =— + lyg——V.
rd J(T LTsL, [RATAL oLl
1
+———@g + (s —0) (g + \"
oL LT sq + (s )rq oL, rd
, (22)
. 1.1 M M
lrg=——(—+——)lyg——— Vg
o T, LTL, olgL,
1
+ odyy — (s — o)l g + \Y,
oL, L Psd ( S ) rd oL, rq
The relationship of the mechanical speed
dQ _P.M C, f
————Q 23
d'[ R} L — rq- Psd) 3 (23)

Where Ts= LJRs and T,= L/R; are stator and
rotor time-constant respectively. [20]

3.1 Stator flux estimator

In the direct vector control stator flux oriented
DFIM, precise knowledge of the amplitude and the
position of the stator flux vector is necessary.

In motor mode of DFIM, the stator and rotor
currents are measured whereas the stator flux can be
estimated [26]. The flux estimation may be
obtained by the following equations

{¢sd =lslsg +Mlyq (24)

bsq =lslsq + Ml g

The position stator flux is calculated by the
following equations:

6, =6,-0 (25)
In which:

0, :jwsdt ,e:jwdt (26)

w=PQ and 6 is the electrical stator position, &
is the electrical rotor position.
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4. Fuzzy sliding mode control of DFIM

Sliding mode control is a variable structure
control (VSC). Basically, VSC includes several
different continuous functions which map the plant
state to the control surface.

The switching among these functions is determined
by the plant state which is represented by the
switching function. [29]

4.1 Speed control method

To apply the sliding mode control theory to the
speed of DFIM, follow the steps in the design of a
sliding control. The speed control is done by control
the rotor current l.4. So the control law:

e =180 415, @7)
The speed error is defined by:
e=Qp —Q (28)
The expression of the speed control surface:
S(Q)=Qs —Q (29)
With
S(Q) = Qref -Q (30)

Substituting the expression of Q equation (23)
in equation (30), we obtain:

$(Q) = Coper ( f["(rq%d) fﬂj(sl)

J

By replacing the current Iq we obtain:

. . Mgl o
S(Q) = Qs _{_Tqu
(32)
P.M ¢ref c, f
—Irq -——1—-—0
J.Lg J J
Lyapunov function V defined by
1 2
V= ES(Q) (33)
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V =S(Q)S(Q) (34)

During the convergence of lyapunov function,
the condition ¥ (Q) = S (2).S (2) <0 0 must be
checked.

In the sliding mode and in permanent regime, we
have S(2)=0, S(€2)=0, I°4=0.

Where the equivalent control is:

E :_Lsref(gref +&+igj (35)
P.M. g JoJ

Therefore, the correction factor is given by:
Ity =—Kj,,- Sign(S(Q)) (36)

To verify the system stability condition, the
constant Kirq must be positive.

4.2 Fuzzy sliding mode controller design

The conventional sliding mode controller
produces high frequency oscillations in its outputs,
causing a problem known as chattering. The
chattering is undesirable because it can excite the
high frequency dynamics of the system. To
eliminate chattering, a continuous fuzzy logic
control us is used to approximate the discontinuous
control Kirq sign(S(€2)), (Fig. 2). We chose the
triangular and trapezoidal membership functions
because of the simplicity of implementation, when
the number of the functions increases the stability
increases. The membership functions for input and
output variables are chosen in Fig. 3.

desired

State .

»| Equivalent Ueq
Command
real State +
u
DFIM y:
. el S +
yo L s)w(Slding |y FLc Huy
/ Surface

Figure.2 Fuzzy Sliding Mode control of the speed
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Figure.3 Membership functions for the inputs and the
output [30]: (a) inputs and (b) output

Table 1. Fuzzy tuning rules for outputs
e(k)

bn {mn{sn |ze |sp | mp| bp
bn | bn | bn [bn | bn [ ze | ze | ze

mn |bn |bn [mn|mn|ze |ze |ze

sn |bn |bn |sn |sn [sp [sp | mp
ze |bn |mnj|sn |ze |sp | mp|bp
sp |mnj|sn |sn |sp |sp |bp |bp
mp|ze |ze |ze |mp|mp|bp |bp
bp |ze |ze |ze |bp | bp | bp | bp

Ae(k)

Table 1 show the linguist rules used in the Fuzzy
Logic Controller. In these table, n, p, ze, s, m, b
represent negative, positive, approximately zero,
small, medium, and big respectively. For example
bn means big negative, and so on.

The linguistic rules of FSM controller are:

if Sj isA and AS; is Bj thenuy isC;  (35)

Where Ai, Bi and C; are the fuzzy sets
corresponding to Si, AS; and us respectively.
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Table 2. DFIM parameters [25]

Definition Symbol Value
E(I):VIV':: Mechanical Py 4 kW
Stator voltage Usn 380V
rotor voltage U 220V
Nominal current In 3.8122A
L\Ilac;?(;nal mechanical Q, 1420 rpm
Nominal stator and

rotor frequencies o S0 Hz
Pole pairs number P 2

Stator resistance Rs 11.98 Q
rotor resistance R 0.904 Q
Stator self inductance Ly 0.414H
rotor self inductance L 0.0556 H
mutual inductance M 0.126 H
Moment of inertia J 0.01 Kg.m2
friction coefficient f 0.001S

5. Results and discussion

In this section, simulations results are presented
to illustrate the performance and robustness of
proposed control law when applied to the DFIM.
The parameters values of the motor as shown in
Table. 2.

The motor is operated at 157 rad/s under no load
and a load disturbance torque (5 N.m) is suddenly
applied at t=0.6s and eliminated at t=1.6s (-5 N.m),
and the rotor resistance variations (increase at 100 %
of nominal value rotor resistance), while the other
parameters are held constant.

5.1 Comparison between SMC and FSMC

The responses of speed, torque, stator flux and
rotor current are shown in Figures 4-11.

The fuzzy logic control is used to mimic the
hitting control law to remove the chattering.
Compared with the conventional sliding mode
controller, the fuzzy sliding mode control system
results in robust control performance without
chattering. The chattering free  improved
performance of the FSMC makes it superior to
conventional SMC, and establishes its suitability for
the system drive.
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The results of the speed control have shown that
the control with fuzzy sliding mode controller
ensures good dynamic performance with respect to
the control with sliding mode controller even in the
presence of parametric variations and external
disturbances.

We remark in the Fig. 7 a net amelioration of the
results of the fuzzy sliding mode method compared
with the sliding mode method. In fact, the
elimination of the chattering problem permits the
smoothness of the control law.

1.5

— F-sd
—F-5q

1

0.5

stator flux (Wh)

-0.5

0 0.5 1 1.5 2
time ()

Figure.8 Result of the rotor current with Sliding mode
controller
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mode controller
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Figure.11 Result of the stator flux with Fuzzy Sliding
mode controller
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6. Conclusion and future works

In this paper, the speed regulation of DFIM with
two controllers, sliding mode (SMC) and fuzzy
sliding (FSMC) controller has been designed and
simulated. The comparative study shows that the
FSMC controller can be improve the performances
of speed of the DFIM control. The simulation results
have confirmed the efficiency of the FSMC
controller for different working conditions. The
results show that the FSMC controller has good
performance, and it is robust against exterior
perturbations.

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