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Abstract

The aim of this paper is hybrid fuzzy sliding mode control of a Doubly Fed Induction Generator (DFIG) in the form
of a wind turbine. This type of control is introduced to avoid the major disadvantage of variable structure systems,
namely the chattering phenomenon. Variable structure ensures the high dynamic of convergence and robustness towards
parametric variations and disturbances. Fuzzy control is introduced here in order to remove residual vibrations in high
frequencies. That approach is used to control the mechanical speed and the reactive power exchanged between the stator
circuit and the grid. Those variables are decoupled through vector control. The feasibility of this work is proven by

mathematical and simulation models based on MATLAB.
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1. Introduction

Wind power has attracted much interest as a suitable
source of renewable energy. The mechanical power gen-
erated by the wind turbine is transformed into electrical
power by an induction generator and is fed into the main
grid through stator windings. The most widely adopted
generator in terms of a wind turbine with variable-speed
system is the DFIG. That system consists that the stator
circuit is directly connected to the grid, while the rotor cir-
cuit is connected to the grid through an AC/DC/AC con-
verter via slip rings enabling control of the rotor voltage of
the induction machine in magnitude and phase angle [1-
3]. The fundamental feature of the DFIG is that the power
processed by the power converter is only a fraction of the
total wind turbine power, and therefore its size, cost and
losses are much smaller than they are with a full-scale
power converter [2]. The converter is designed so that
the DFIG can operate in a limited variable-speed range
(Fig. 1). The gear-box ratio is set so the nominal speed

*Corresponding author
Email address: ab.kerboua@gmail.com (Abdelfettah
Kerboua®)

of induction generator corresponds to the middle value of
the rotor speed range of the wind turbine [1, 2]. To start
with the rotor speed reference establishment, it is impor-
tant to consider the mechanical power P,,.. developed by
a wind turbine, which depends directly on the blade radius
R, the power coefficient C,, and the wind speed V hitting
the blades of the generator [1, 2]

1
Prec = 5Cp () A V3 (1)
and

_Rw
TV
where: w—rotational speed; A—tip speed ratio; p—air
density and A—area of the turbine blades in m?.
According to the analysis developed in many papers [1,
3, 4], for any given wind speed, there is a rotation speed w
which corresponds to the optimal mechanical power that
can be generated by the turbine, as seen in Fig. 2. Addi-
tionally, it is important to consider that when wind speed
changes the rotation speed must be adapted so as to extract
the maximum power. That speed is the reference value
and it equation for obtaining the target power is available.
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Figure 1: Wind Energy Conversion System Using a Doubly Fed Induction Generator
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Figure 2: Wind turbine characteristics for several wind speeds

In this paper, the control of rotor speed and reactive power
exchanged between the stator of DFIG and the grid are
investigated independently. Several works have been de-
veloped in this direction using several controllers [1, 3-6].
In our case after modelling the machine in d — g reference
frame, rotor speed and reactive power are controlled using
fuzzy sliding mode theory. It is a question of using a fuzzy
supervisor that allows gradual commutation between two
laws of control; first by sliding mode which acts primar-
ily during the transitory step, and secondly by fuzzy logic
which lasts for the duration of the permanent step. Their
performances are discussed in terms of reference tracking
and robustness against variations in parameters.

In this paper, a dynamic model of the DFIG in d — ¢
reference is presented followed by the vector control tech-
nique to achieve decoupled control of torque and reactive
powers. Then, sliding mode and fuzzy logic controls of
the DFIG are independently introduced. The combination

of these controllers is achieved by means of a fuzzy super-
visor, allowing gradual commutation between them. Fi-
nally, performances and robustness of the proposed com-
mand are tested on a wind turbine using a DFIG of 1.5 kW.

2. Mathematical modeling of DFIG

The idea of this DFIG control is to establish stator out-
puts such as three-phase voltages and operate the output
power fed into the grid via stator windings. The general
model wound rotor induction generator is similar to any
fixed-speed induction generator. The application of Park’s
transformation allows a dynamic model in d-q reference to
be written as follows [7]:

e Electric equation

. do,

vas = Rgigs + Tds — wsDygs
. do,

s = R + 52 1 0,0

L db 2)
Var = Relar + Tdr — (s — W) Dy,
. do,
Vgr = Relgr + Tqr + (ws — W)Pgr
®ys = Lyigs + Mig,
Dys = Lsigs + Mig, 3)
Dy; = Lyigr + Migy
Dy = Liigr + Mg,
e Mechanic equation
_Jd f
T, —lg;r— 13d—°t’+1—,a) (4)
T, = PL_S (lqrq)ds - ldrq)qs)
e Power equation
Py = vasigs + Vqsiqs (5)
Os = Vaslds — Vdslgs
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3. Stator flux oriented control

To achieve decoupled stator reactive power and rotor
speed control, we choose in the d-q reference-frame the
stator flux aligned with the d-axis, so we have @45, = D,
and @,y = 0 [6-9]. Assuming the condition of small sta-
tor resistors and constant stator flux, the stator voltage is
consequently aligned with the g-axis. The dynamic model
will be simplified as follows:

e Stator and rotor voltages

M2
while o =1 -
LL,
vas = 0and vy = vy = wDgs
Var = Reigr + oL d:;;, —oLi(ws - w)iqr (6)

. di .
Var = Relgr + oL —F + oLi(ws — w)igr + 5

My,
Lg

e Stator reactive power

— s 'r 7
Oy Lo, L. Vsld (N
e Mechanical equation
aQ 1
—==T.-T,-1.Q 8
o =7 T ) ®)

where: T, = PLMSiq,(I)dS

Now, knowing relations (6), (7) and (8), it is possible
to synthesize the regulators and draw up a global block-
diagram of the controlled system [1, 6, 7]. Block Con-
trollers 1 and 2 in Fig. 3 represent reactive power and rotor
speed regulators respectively. The aim of these regulators
is to obtain high dynamic performances in terms of refer-
ence tracking, sensitivity to perturbations and robustness.
To realize these objectives, the hybrid fuzzy sliding mode
controller is studied.

4. Hybrid control synthesis

For a given wind turbine, some relations exist between
the wind speed, the generator’s rotating speed and the
available mechanical power. If the wind speed is mea-
sured and the mechanical characteristics of the wind tur-
bine are known, it is possible to deduce in real-time the
theoretical rotor speed to achieve maximum power gener-
ated [3, 4, 6]. It is then possible to control the generator
using this rotor speed as reference. Therefore the reactive
power is controlled to establish a desired power factor.

4.1. Sliding mode control

The sliding mode controller does not need accurate math-
ematical models like classical controllers, but requires
knowledge of the parameter variation range to ensure sta-
bility and satisfy reaching conditions.

A. Reactive power loop: The reactive power is
controlled via d-axis voltage. The sliding sur-
face is chosen in the first order as follows:

SQ = Qref -0 (9)

In the first derivative of this surface, there appears the
input command "v/,_

. . M 1 R, . )
SQ = Qref+L_SVs (0__Lrvdr - O__Lrldr + (ws — w)lqr) (10)

The equivalent command is added to ensure an asymp-
totic convergence of the system towards the sliding sur-
face. In our case it is omitted because, during the per-
manent mode, only the fuzzy logic component is applied.
The hitting command "v,5 ,, is deduced so that the surface
is always attractive. A sufficient condition to achieve this
behavior is to select a control strategy such as:

d(1_,
E(ESQ)S_UISI andn >0 (11D
thus ensuring that
vasm = —Kg sign(Sg) Ko >0 (12)
B. Rotor speed loop: In exactly the same way,

the rotor speed is controlled via g-axis volt-
age. The sliding surface is chosen in the sec-
ond order as follows:

d
Sa= d—t(Qref—Q)+ﬂ(Qref—Q) (13)

where A is a positive constant.
In the first derivative of this surface, there appears the in-
put command vy,

Sa = Qs +1Q+ 2 (Qrer = Q) (14)

M . . My
_P(DSJU'_LS Vgr — Ryigr — oLi(wg — w)igr — s L:)
In the same way, the hitting command /V;S 18 deduced

so that the surface Sq is always attractive, as follows:

vasm = —Kq sign(Sg) Ko >0 (15)
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Figure 3: Global block-diagram of Power Reactive and Rotor Speed control

4.2. Fuzzy logic control

Recently, fuzzy logic (FL) controllers have generated
a good deal of interest in certain applications. The ad-
vantages of FL over the classical controllers are: it does
not need an accurate mathematical model, it can work
with imprecise inputs, it can handle non-linearity and it
is more robust than classical nonlinear controllers. With
fuzzy logic, it is possible to use linguistic information
from a human expert describing the dynamic behavior of
the system around certain points. This information can be
reformulated in the form of a collection of fuzzy rules If-
Then [10]. In our case, we adopt for the fuzzy controller
the error and its change AX as inputs and the change-in-
command AU as output. Thus, the j” fuzzy rule is given
by: . '
If % is A} and AXis A] then AU is C/
where j=1, m and m is the number of rules, Al ,A{ are cor-
responding membership functions and C/ is the j" output
membership function center .

The overall output of the fuzzy systems with centroid
defuzzification using sum-prod inferencing can be ob-
tained as:

" iy (., AD)

S (1, (0 a1 ()

N

AUfr =

(16)

where (1, (.) is the fuzzy membership function of A{
and 1=1,2
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Figure 4: Membership functions chosen for FL. Controllers

To synthesize the FL controller of the two variables
Reactive Power and the Rotor Speed, we have divided
the universe of the error and the change-in-error into five
units: BN (Big Negative), MN (Medium Negative), ZE
(Zero), MP (Medium Positive), and BP (Big Positive).
The inputs corresponding to membership functions are
chosen triangular, as shown in Fig. 4., and the sum-prod
rule of inference is used.

The control rules must be designed using a technical
knowledge base such that the stability of the global con-
trol system is ensured and the trajectory of the states al-
ways turns toward and does not cross the sliding surface
on the phase plane. The control rules are extracted from
Table 1.
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Table 1: The Rules Matrix of the controllers

X BN MN ZE MP BP
AX

BN BN BN BN MN ZE
MN BN MN MN ZE MP
ZE BN MN ZE MP BP
MP MN ZE MP MP BP

BP ZE MP BP BP BP

Table 2: The Rules Matrix of the supervisor
X ZE MP BP

AX

ZE BP BP MP
MP BP BP MP
BP BP MP ZE

4.3. Implementation of hybrid control

In order to guarantee the robustness of the closed loop
and a fast dynamic response with best possible perfor-
mances, we propose using a combination of the two con-
trollers previously defined, sliding mode controller during
the transitory mode, and fuzzy logic controller in the per-
manent mode. The first controller ensures convergence of
the system towards its permanent mode, with insensitiv-
ity towards external disturbances and structural uncertain-
ties and a fast dynamic of convergence. The second takes
over in the permanent mode in order to ensure a practi-
cally null static error without the chattering phenomenon.
To avoid instantaneous passage from one controller to an-
other, we will use a gradual commutation in the following
form [10]:

U= CZ.UFLc+(1 —CL’).USMC (17)
where « is a factor generated by a fuzzy supervisor hav-
ing the same inputs as the fuzzy controller.

The rules of the supervisor are constructed so that the out-
put takes “0” when the system is far from the desired tra-
jectory and “1” when the system is near to the desired
trajectory (the error and its derivative converge towards
zero). The control rules are given by Table 2.

The inputs corresponding membership functions are
also chosen triangular (Fig. 5) and the sum-prod compo-
sitional rule of inference is used.

L L L s L L L
o o1 oz Lo ] o4 05 08 Q7 08 09
Universe of discourse

Figure 5: Membership functions chosen for supervisors

4.4. Stability of hybrid control

Hybrid system stability analysis relies on classical Lya-
punov stability theory. For conventional control systems,
demonstrating stability depends on the existence of a con-
tinuous and differentiable Lyapunov Function. In the hy-
brid system case, stability is provided using multiple Lya-
punov functions to compose a single continuous and dif-
ferentiable Lyapunov Function that can be used to demon-
strate stability.

Suppose that each subsystem has an associate Lya-
punov function. To guarantee the stability of the global
system is to provide a methodology for switching between
subsystems. The strategy taken in this work is to give the
biggest weight for the subsystem which has the smallest
value of Lyapunov function.

5. Simulation results

The structure of the suggested hybrid control is illus-
trated in Fig. 6. The three blocks SMC, FLC and the fuzzy
supervisor have as inputs:

o the error of rotor speed and its change-in-error for the
speed loop,

o the error of reactive power and its change-in-error for
the reactive power loop,

These three blocks have as outputs Ug;c, Usyc and @
respectively. Finally, we can establish the block-diagram
of the rotor speed and reactive power control using the
hybrid approach controllers.

Some simulations were done to test the dynamic per-
formance of the control system described above and were
compared with the case of varying some parameters. Sim-
ulations were investigated with a 1.5 kW generator con-
nected to a 220V/50Hz grid. The machine’s parameters
were: R;=4.85Q; R,=3.805Q; L,=0.274H; L,=0.0.274H;
M=0.258H; J=0.031kg.m; f=0.008N.m.s™!
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Figure 6: Hybrid Fuzzy Sliding Mode structures for Reactive Power
(a) and Rotor Speed (b).

The regulators will be tested in reference tracking and ro-
bustness against parameter variations.

5.1. Reference tracking and sensitivity to perturbation

Assuming that the rotor speed ensuring the optimal me-

chanical power is 159 rad/mn under a unit power fac-
tor (Qrey = 0). At time 1 s the wind speed increases,
hence the rotor speed reference must increase and take
164rad/s to establish the optimal mechanical power ac-
cording to equation (1). Between 2 s and 3 s, we change
the power factor by changing the reactive power reference
to —1 kVAR and then revert to a unit power factor again.
At 4 s the wind speed decreases, hence the rotor speed
reference must decrease and reach 159 rad/s. Controlled
variables in the continuous line follow exactly the refer-
ences in the broken line (Fig. 7 and 8).
The effects of the reactive power step on the rotor speed
response due to the cross-coupling and non linearity in
modelling are perfectly rejected. Almost all performances
are obtained with the effects of the rotor speed step on the
reactive power response.

5.2. Robustness

In order to test the robustness of the two controllers,
the rotor resistance value is varied. When calculating con-
trollers we assumed rotor resistance to be 3.805 Q. Then

Rotor Speed [rad/s|

200 T T T T

-200

-400

-600

Reactive Power [WAR]

-800

-1000

1200 i i i i
05 1 15 2 25 3 35 4 45 5
Time [s]

Figure 8: Reactive power response using Hybrid FL. SM controller

its value was doubled to 7.61 Q. We imposed a rotor speed
step of 164 rad/s at time 1 s while keeping the reactive
power constant and at another time we imposed a reactive
power step of —1000 VAR at time 1 s while keeping the
rotor speed constant. Then we observed the response ob-
tained with the hybrid controller (Fig. 9 and 10). It is clear
that the controller is robust. The rotor speed and the re-
active power follow their references with a time response
and some overshoot, more than without R, variation.

6. Conclusion

This paper presents Hybrid Fuzzy Sliding Mode Con-
trol of Reactive Power and Rotor Speed in a DFIG and
performance evaluations. After presenting a description
of a Doubly Fed Induction Generator with variable wind
speed and fixed frequency of the grid, we established
a two-phase power mathematical model of the DFIG. In
order to control the rotor speed and the stator reactive
power exchanged between the DFIG and the grid, a hybrid
fuzzy sliding mode approach using vector control strategy
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Figure 10: Reactive power response with 100% Rr variation

was developed and presented. Simulations were investi-
gated with this type of controller and they showed very
interesting performances in terms of reference tracking,
sensitivity to perturbation and robustness under parameter
variation.
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Nomenclature

Ws, W The grid and rotor angular frequency
(electrical speed), respectively

Q Mechanical Rotor Speed

(Dqs, Dy, chr’ Dy,

The three-phase stator and rotor flux
linkages in the d-q reference frame,

respectively

X, Ax error and change in error, respec-
tively

Al The j membership function of the
i input variable

c’ The j” output membership function

iqs’ ids’ iqr’ iqra idr,

centre

The three-phase stator and rotor cur-
rents in the d-q reference frame, re-

spectively

Lg, L,, The cyclic inductances of stator and
rotor windings, respectively

Py, O, The stator active and reactive pow-
ers, respectively

R, R, The stator and rotor resistors of ma-
chine per phase, respectively

T., T, Electromagnetic and resistant torque
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Vgs» Vdss Vars Vdr The three-phase stator and rotor volt-
ages in the d-q reference frame, re-
spectively

AC, DC Alternative Current and Direct Cur-

rent respectively

I f Inertia and viscous friction

M Magnetizing inductance

P Number of pole pairs.

PWM Pulse Width Modulation

S Slip frequency

SMC, FLC Sliding Mode and Fuzzy Logic Con-

trollers, respectively
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