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PERFORMANCE INVESTIGATION OF A WIND POWER SYSTEM
BASED ON DOUBLE-FEED INDUCTION GENERATOR: FUZZY
VERSUS PROPORTIONAL INTEGRAL CONTROLLERS
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This paper presents a comparative control performance study based on different combinations of classical proportional-integral
(PI) and intelligent fuzzy logic controllers. The control settings were used to control both active and reactive powers to achieve the
optimum operation of a double-feed induction generator (DFIG) integrated into a wind power conversion system with maximum
power point tracking (MPPT). For this purpose, a mathematical model of the conversion system (wind turbine-DFIG) is established.
The active and reactive powers at the output of the DFIG are controlled separately to achieve a better power factor. The complete
model of the wind energy conversion system is simulated and tested in the Matlab-Simulink environment. The results obtained are
compared to PI controllers. The study clearly shows the effectiveness of introducing the fuzzy technique in the control loops.

1. INTRODUCTION

The current technological development in renewable
energy makes the double-feed asynchronous machine
apparent for use as an asynchronous generator mounted on
the wind turbine. Several types of asynchronous machines
have been used in this field, the asynchronous dual-feed
machine has several advantages over the others, its control is
done through the stator and the rotor via the static power
converters, but only its control is complex. The development
of new methods and the development of algorithms, and
industrial system development are modeled by a set of
nonlinear differential equations called the state model. The
vector control is applied to this type of machine so that its
order becomes simpler. In several applications, the classical
proportional-integral (PI) control is used to control the active
and reactive power of the wind system, this type of control is
easy to apply. Still, also these performances depend on the
precision of the parameters used in the calculation of the
coefficients Kp and Ki of the regulator [1].

The field of electric power production has seen
significant developments, and important steps have been
made toward replacing relatively conventional energy
sources with renewable energies [2]. The use of wind
energy has grown significantly over the last decade, and the
exploitation of these energies reduces the disadvantages and
risks of fossil and nuclear energy, as they preserve the
environment and natural resources.

Because a wind energy conversion system uses a clean and
renewable energy source for generating electricity, significant
investments and research efforts have been made in this field
to improve the yield through technological innovation [3, 4].

There are several techniques for controlling the active and
reactive powers in the DFIG, in this study, we apply the
classical control PI technique to the whole system, then we
use the technique of fuzzy control on the DFIG, and finally,
we make a comparison between the fuzzy versus PI control
techniques. Also, an MPPT technique is applied to the wind
turbine system to ensure maximal power provided by the
turbine to the generator DFIG.

Several research projects in this field have been carried

out to operate DFIG-based wind turbines under the right
conditions. Control based on the orientation of the field by
the decoupling of the components of the rotor currents d, g,
makes it possible to control the active and reactive powers
provided by the DFIG with acceptable performances. The
use of PI controllers is limited by the sensitivity to variation
of DFIG parameters [5].

Several researchers have introduced smart techniques into
conventional vector control to achieve good performance.

The proposed control technique is applied with flux
alignment on the d-axis and using fuzzy controllers to
control the stator currents and the powers at the generator
output. The advantage of a fuzzy controller is that it is
robust and straightforward to design and does not require a
mathematical model of the system to create it [6].

2. STRUCTURE OF THE WIND ENERGY
CONVERSION SYSTEM

The overall wind turbine system with the dual feed
induction generator used in this research is shown in Fig. 1.
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Fig. 1 — General structure of the wind energy conversion system.

This structure contains a turbine to transfer the kinetic
energy of wind into mechanical energy, a speed multiplier,
DFIG. The wind turbine ensures the conversion of the
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kinetic energy of the wind into electrical energy; this . d [ ]
operation depends on the wind speed, the density of the air,  abesl= Rsliaves] o Pabes
and the area swept by the rotor [7]. (6)

The stator of the DFIG is connected directly to the
electrical network; on the other hand, the rotor is connected
to the latter by a rotor side converter (RSC), which is used
to control the active and reactive power, and the grid side
controller that regulate the direct current (dc) link voltage,
The wind turbine ensures the transfer of wind energy into
mechanical energy and the DFIG converts this mechanical
energy into electrical energy. The rotor side converter RSC
controls the active and reactive power, and the grid side
controller regulates the dec-link voltage.

3. MATHEMATICAL MODEL OF THE WIND
TURBINE

The power of the wind turbine as a function of the wind
speed and the length of the blades can be expressed by [8]:

1
Pv:EanZVS- (1)

The aerodynamic power available on the shaft is
presented in the following relation [9, 10]:

1
Py = Eanch(x’B)V3> )

where the speed ratio A, which indicates the ratio between
the speed of the turbine (€:) and the wind speed, is given by
the following expression:

QZ‘
MR ®)

where R is the rotor radius, and Cp is the power coefficient,
Cp (A,B) depends on the speed ratio and the angle of
displacement of the blades.

The torque of the turbine can be expressed as a function
of the aerodynamic power and the speed of the turbine by:

P, 1 pnR*Cp(hp)?
o, 2 Q, : “)
The fundamental equation of the dynamics which
determines the variation of the mechanical speed from the
total mechanical torque on the generator shaft can be

defined by the following expression [1, 12]:

do g

J?:Tt_Tem_ng, 5)

_Qg Ty . .
where: Qz—?,Tem=?, G is the gain of the

T’t:

multiplier, J is the total moment of inertia, f is the

coefficient of viscous friction of the generator, Qg is the
mechanical speed of the generator.

4. MATHEMATICAL MODEL OF THE DFIG

The doubly-fed induction generator can be
mathematically modeled as differential equations. Three-
phase stator and rotor voltages can represent in the form of
matrix equations as follows:

d .
[Vabcr]: Rrbabcr]‘*E[‘%bcr]

The stator and rotor fluxes are expressed as a function of
the currents in the following matrix equations:

(pabcs _ L Ky L m iabc S
© L L iab > (7

aber r mll taber
With the application of the Park transformation related to
the stator rotating field leads to its equations represented as

follows [13—15]:
The electrical equations:

) d
Vds= Rslds“'aq)ds T OsPyy

d
Vigs = Rsigst—Pgs T 0sPs

dr
.. d 8
Vdrerldr"’_(Pdr_(@s_ﬂ)r)(P r ®)
dt q
a0+ 0g )
Vqr:erqr"'a(qu"' 05~ Or)P gy
The magnetic equations:
Ogs=Lsids T Lmidr
Pys = Lsigst Lmigr
Oy = Lridr+ Lmids| ()
Pgr = LsigrtLmigs
The equation of the electromagnetic torque:
R
Tem:PL_ (quldr_(Pdslqr , (10)
N

where V' is the voltage, [ is current, ¢ is the flux, R is the
resistance, L is inductance, M is the mutual inductance, Ten
is the electromagnetic torque, and P is the pole pair
number. The active and reactive power stator and rotor are
expressed by the following equations [16]:
Ps =V dsids+ Vagsigs
Os =Vgsids—Vdsigs
Pr=Vdridr+Vqrigr
Q. =Vagridr—Vdrigr

)

5. MAXIMUM POWER POINT TRACKING (MPPT)

The MPPT strategy is to extract the maximum available
power from the wind, Fig. 2. To achieve this objective, the
speed of the turbine must be controlled and adjusted to have
a mechanical reference speed corresponding to an optimum
velocity ratio (Aopt). There are several techniques for
controlling the speed of rotation. This paper proposes the
technique of PI controller. The block diagram of the turbine
with MPPT is represented in Fig. 4 [17, 18].
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Fig. 2 — Block diagram of the turbine with MPPT.

6. INDIRECT ACTIVE AND REACTIVE POWER
CONTROL

The strategy of indirect power control by the orientation
of the stator flux is applied to obtain a simple mathematical
model of the DFIG; this allows independent control of the
active and reactive powers. Under the assumptions of
constant stator voltage, constant flux is constant, and
neglecting the effect of the stator resistance, the following
expressions hold [19, 20]:

VdszVs’Vqszo
. 12
(Pdszo’(pqs:_q)s:_h (12
g

The relationship between the stator and rotor currents is
expressed as:

. Lm .
1 - 1
ds Ls dr
1 Lim (13)
lgs Ls Ps Ls qr
The equation of the electromagnetic torque becomes:
3L .
Py = __L_r: Vstar
3 2 3L .
Qs = VS == Vslqr
2Ls oy 2 Ly (14)
3 _L
Tem = _EPL_I:(psldr

Given these equations, the active and reactive powers depend
on the is and iy current, respectively. The block diagram of the
indirect control of the active and reactive powers by the
orientation of the stator flux is presented in Fig. 3.
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Fig. 3 — Block diagram of indirect control active and reactive power.

7. FUZZY CONTROL FOR ACTIVE AND
REACTIVE POWER

Fuzzy logic control is excellent in dealing with
imprecise, nonlinear, or time-varying systems with
uncertain or unknown parameters and structure variation. it
is relatively easy to implement. Indeed it does not need any
mathematical model of the controlled system, making it
popular for control, estimation, and optimization problems.
This is achieved by converting the linguistic control
strategy [21-23]. The membership functions of these
variables are shown in Fig. 4.
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Fig. 4 — The membership functions.

8. DC (DIRECT CURRENT) VOLTAGE CONTROL

The main objective of the converter on the network side
is to ensure an adjustable dc voltage used to supply the
converter on the rotor side. An alternating three-phase
source supplies this rectifier through low-pass filters, and
their output is connected with the inverter through a
continuous bus [24, 25], Fig. 5.

Fig. 5 — Block diagram of the dc voltage control.

10. SIMULATION RESULTS

Implementing the previously studied wind turbine
system with a power of 1.5 MW in the software MATLAB-
Simulink allowed us to obtain the following simulation
results through several tests.

A wind profile is applied in the first test (Fig. 6). We
note the performance of the MPPT strategy in which the
speed follows its reference value with a fast response time.
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The second test, it’s the simulation of dc bus voltage
with the different combinations between the fuzzy logic
controller and the PI controller.
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Fig. 6 — Simulation of a wind profile and generator speed.

Figure 7 shows an applied wind profile. The combinations
between the fuzzy logic controller and PI controller in the loop
of power and current, The variation in wind speed causes a
variation in the active power of the stator, the negative sign of
this power means that it is charged to the grid by the DFIG; the
reactive power follows its set point with a small disturbance
which gives a power factor close to the unit, the values of the
stator powers illustrate the good tracking behavior and the
performance of the proposed technique for the defined
references (Q*, P*, Vdc*), The stator current has follows the
variation of the wind speed. The simulation results show that
the active and reactive powers of the stator were controlled by
the direct and quadrature rotor currents, so they are controlled
independently; the response of the electromagnetic torque is
stable but variable with the variation of the active power. The
reactive power follows their zero-reference value.
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Fig. 7 — Simulation of the dc voltage control.

Figure 8 shows the error of the active and reactive powers
with the different combinations between the fuzzy logic
controller and the PI controller in the external power loop and
the internal current loop; we notice that the power error is
minimal in the fuzzy combination blurs, which proves that this
combination is the best among of the four combinations used.
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Fig. 8 — Simulation of direct and quadratic current with different
combinations between fuzzy logic and PI controller.

Figure 9 displays the four combinations between the two
fuzzy controllers and PI in the loop of powers and currents;
we notice that the two fuzzy-fuzzy combinations and PI-PI
are best. And to have the mesh generator combination
between both we did a robustness test by varying the
resistance of the DFIG rotor by twice the nominal value.
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Fig. 9 — Simulation of the electromagnetic torque with different
combinations between fuzzy logic and PI controller.

The simulation results show that the proposed methods
for the PI and fuzzy control algorithm have good active and
reactive power responses provided by DFIG, only the
choice of the fuzzy controller does not depend on machine
parameters such as stator and rotor time constant, which
improves the robustness of the proposed control.

Finally, Fig. 10 to Fig. 12, a comparison between the
fuzzy control and the conventional control of the power
produced by the stator of the DFIG shows that the power
error is minimal in the case of the fuzzy control, which
justifies the efficiency of the control technique fuzzy on the
control of the active and reactive powers supplied to the
electrical network by the DFIG.
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or 1 —_— 11. CONCLUSION
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In this paper, a classical (PI) and modern (fuzzy) control
strategy has been applied to a variable speed wind energy
conversion system based on the double feed induction
generator (DFIG). For this purpose, a mathematical model
of the wind turbine and the DFIG is presented; the
independent control of the active and reactive power of the
stator is performed by the stator flux orientation technique.

] A strategy to maximize available wind energy (MPPT)

0 02 o4 0o 08 1 1z 14 16 1o 2 based on a PI controller was applied. Subsequently, the two

e control techniques (PI and fuzzy) were used to control the

active and reactive power separately with a power factor
e close to the unit.

: —ie The complete system has been tested on MATLAB-

—— Pl Fuzzy
Fuzzy Pl

T Py Simulink software. The simulation results obtained show the
good performance of the wind system. After a comparative
study between the two power control techniques at the output
of DFIG, the combinations between the fuzzy logic controller
and PI controller in the power and current loop show that the
fuzzy-fuzzy combination is the best or error and robustness
point of view.

Stator reactive power (VAR)

Fig. 10 — Simulation of the active and reactive power with different
combinations between fuzzy logic and PI controller.

Stator active power error (W)

Table 2
Wind turbine and DFIG parameters
The wind turbine parameters
Air density 1.225 kg/ m®
power coefficient 0.4412
z optimal speed ratio 7.05
= blade diameter 70 m
; Number of blades 3
2 Moment of inertia 1000 kg .m?
g friction coefficient 0.0024 N.m. s’!
5. Gearbox ratio 90
£ The DFIG parameters
@ 4 i Fuzzy U‘ . \\ 1 Rated power 1.5 MW
Pumay Fuzzy “ ‘J Stator voltage 690 V
760 0z 04 06 08 1 12 14 16 18 2 Stator frequency 50 Hz
Time () Stator resistance 0.012Q
Fig. 11 — Simulation, the error of stator active and reactive power with Rotor resistance 0.021Q
different combinations between fuzzy logic and PI controller. Stator inductance 0.0137H
<105 Rotor inductance 0.0136 H
‘ Mutual inductance 0.0135H
The pair of poles Number 2
Dc link voltage 1200 V
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