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Abstract—

the objective of this work is to optimize the performance of
a wind energy conversion system (WECS) based on a Doubly-
Fed Induction Generator (DFIG). A vector control strategy
based on stator flux orientation is implemented to
independently regulate the active and reactive power
exchanged between the stator and the grid. three innovative
controllers are proposed and compared: a fuzzy logic
controller (FLC) and a Proportional-Integral controller with
Adaptive Fuzzy Gain Scheduling (AFGPI). The latter adjusts
its gains in real time using a fuzzy algorithm based on the error
and its derivative, thereby improving the system's dynamic
response. Simulations performed in MATLAB/Simulink on a
1.5 MW DFIG model validate the effectiveness of both
approaches, with the AFGPI showing particular robustness
against wind speed variations and grid disturbances. The
results highlight a clear advantage in terms of dynamic
performance and stability compared to conventional control
methods.

Keywords— WECS; Vector control;PI controlle; fuzzy logic
controller; PI-fuzzy controller.

Introduction

Sustainable development and the growing demand for
clean energy have increasingly drawn the attention of
researchers toward renewable energy sources. Among these,
wind energy stands out as a key area of technological
innovation and investment. As a clean, abundant, and
greenhouse gas-free resource [1-3], wind power is
becoming a major contributor to the global energy mix.
Currently, variable-speed wind turbine systems with power
ratings exceeding 1 MW are commonly deployed, especially
to optimize energy extraction in large-scale wind farms.

Doubly-Fed Induction Generators (DFIGs) are widely
used in such systems due to their numerous advantages [4—
7], including variable-speed operation (+30% around
synchronous speed), decoupled control of active and
reactive power, lower acoustic noise, and reduced
mechanical losses compared to other generator types [8—11].

This paper focuses on the control of electrical power
exchanged between the DFIG stator and the grid by
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independently regulating active and reactive power. In
recent years, advanced control strategies have emerged that
are more competitive and better suited to handle system
nonlinearities and robustness challenges. Among these,
fuzzy logic has proven to be a promising alternative.

After modeling the complete wind energy conversion
system, two control strategies are developed and compared:
a conventional fuzzy logic controller (FLC) and a
Proportional-Integral controller with Adaptive Fuzzy Gain
Scheduling (AFGPI).

The paper is structured as follows: Section 1 presents the
modeling of the DFIG-based WECS; Section 2 outlines the
active and reactive power control strategy; Section 3
describes the controller design and provides performance
comparisons. Simulation results and analysis are discussed
in Section 4, followed by conclusions in Section 5

l. MODELING WIND ENERGY CONVERSION SYSTEMS

The wind energy conversion system comprises a wind
turbine that drives the DFIG through a variable-speed
gearbox. The stator is directly connected to the electrical
grid, while the rotor is interfaced with the grid through a
back-to-back converter configuration, consisting of two
bidirectional static converters linked by a DC bus, as
illustrated in Fig. 1 [11-13].

Power
Gear grid
Wind box
energy AC-DC-AC
—_— Converters

Wind turbine
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Fig. 1. Variable Speed Wind Turbine with DFIG

A. WIND MODELING
A deterministic model of wind speed uses a sum of
harmonics [14].
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V(@) =4+ Z;:l(anSin (bpwy 1))
D

with: A is constant, a,,,b,, wyand, represent respectively
the amplitude and the pulsation of the wind sample.
From equation 1 we can note:

V,(t) = 8 + 0.4sin(1.47t) + 2 sin(0.56665t) +
sin(5.75t) + 0.8 sin(4.266t) 2)
B. TURBINE MODELING

he rotation of the turbine blades is driven by the wind
speed V,, resulting in the generation of aerodynamic power
P,ero ON the turbine shaft [15]. This power can be calculated
using equation (3):

1
Prero = EanZVpr(/L B) (3)
Where,p is the air density (kg/m®),R is the blade radius
(m),C, is the performance coefficient of the turbine called
also aerodynamic efficiency of the wind turbine which is a

function of the pitch angle of rotor blades £ (degrees) and A
the tip-speed ratio,V,, is the wind speed in (m/s) .

where:

p: air density (kg/m3)
R: blade radius (m)
V,: wind speed (m/s)

Cy(4, B): Turbine performance coefficient (aerodynamic
efficiency), a function of the tip-speed ratio (A) and the
blade pitch angle (B) (degrees).

The tip-speed ratio A is expressed as follows

1= Qpurp-R (4)

Vy

For a wind turbine of 1.5 MW, [7] give the expression of
the power coefficient:

. (A+40.1)

C,(4,B) = (0.5—0.167(8 — 2)) sin (ZO_O_SB) -
0.00184(1 —3)(B8 — 2) (5)
The aerodynamic torque is expressed as follows [13]:

Tacro = 5= PTRZVECy(A, B) ©)

The role of the gearbox is to adapt the slow speed of the
turbine to the fast speed of the generator and the
aerodynamic torque to the mechanical torque according to
the following equations:

Taero
To="¢" ()

Qmec
Qeyrp = G (8)

The mechanical equations of the system can be
characterized by:

dﬂmec
Jr—;
PR J
With: J; = fg;” +Jg

Where Tythe torque of the generator,Qpec, Qe are
speed of the generator and turbine, Jris total inertia, /,is the

= Thec = Tg = Tom — fQunec 9)

generator inertia, and J.,,iS the Turbine inertia, fis the
viscous friction coefficient.
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C. MODELING OF THE DFIG
The DFIG model, represented in the d-q Park reference
frame, is described by the following equations [11].

des
(Vsd = Rglgq + Psd _ WsPsq

dat

dgsq
dt + WsPsq

(10)

i Vig = Relgq +

_ A9rd
Vea = Rplrg + dac WrPrq

dprq
dt + wrgord

Vg = Rolrg +
The stator and rotor flux can be expressed as:

¢sa = Lslsq + Mlyq
{‘psq = Lslsq + M1
¢ra = Lylyq + Mlgq
Orq = Lylqg + Ml

Where

s,rare stator and rotor subscripts,Vyg, Vg, Vrg,and
V.qare respectively the direct and quadrate stator and rotor
voltages,lsq Isq Irqand I.qare respectively the direct and
quadrate stator and rotor currents ,@gq, Psq, @rq,and @y, are
respectively the direct and quadrate stator and rotor
fluxes,Ls, L., M stator and rotor per phase winding and
magnetizing inductances,Pis the pair pole number,R; and
R, are the stator and rotor phase resistances respectively,
ws, w, are respectively the synchronous angular speed of the
generator and the angular speed of the rotor.

11)

The electromagnetic torque is expressed in terms of
currents and fluxes by:

M
Teom =D Is (Irq(psd - Irdgosq) (12)

1. ACTIVE AND REACTIVE POWER CONTROL
STRATEGIES FOR DFIG

The equations are an exception to the prescribed
specifications of this template. You will need to determine
whether or not your equation should be typed using either
the Times New Roman or the Symbol font (please no other
font). To create multileveled equations, it may be necessary
to treat the equation as a graphic and insert it into the text
after your paper is styled.

In steady-state operation, with the g-axis of the
synchronous rotating reference frame aligned with the stator
flux vector, the system's behavior is described by the
following equations:

Psqa = Ps, Psq = 0

The electromagnetic torque of equation (12) is then
written as follows



Tem =D ILW_S (Lrq®sa) (13)

With a stable grid voltage V;, the stator flux ¢4 remains
constant. Under this condition, and based on equation 13,
the electromagnetic torque becomes solely dependent on the
g-axis component of the rotor current. For medium to high-
power wind turbine generators, the stator resistance R,.is
typically negligible [7, 10, 17].

The Stator voltage and flux can be simplified as:

(Vsd =0

V.'sq =V = wss
14
i‘l)sd = Lglsq + Ml,q (14)

0 = Lylgy + Ml

The stator active and reactive power and rotor voltage
are written as follows:

M

P=—-V,—1I
i (15
Qs =1 o~ Vs la
Via = Rylyq — gWsLyoly
{Vm = Rylpq + gWsl,0lg + g ML"S’S (16)
With: = &% 5= 1 - 2
wg LgLy

Where:g is the slip and o is the leakage factor.

The preceding equations allow establishing a block
diagram of the electrical system to be regulated given by the
Fig. 2:
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Fig. 2. Block diagram of the system to be regulated.

Il. CONTROLLERS SYNTHESIS

A. SYNTHESIS OF PI CONTROLLER

The block diagram of the Pl controller system is
presented in Figure 3
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Fig. 3. PI Controller Design for Power Systems
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With:
A=LR, +pLLoc, B=MV,

The open loop transfer function G (p) is given by:

K MV,
P L
G(p)=—2.——7 (17)
p R,
k, Lo

We use the method of poles compensation for the
synthesis of the Controller in order to eliminate the
zero present on the transfer function, which results in the
following equality:

R (18)
k., Lo

p

Thus the closed-loop transfer function G (p) can be
expressed by:

1
G(p) = (19)
1+1p
_ LL.o
With 7=—"—7T—
k,MV,
kp — GI_S LI’
MV, 20)
K = LR,
MV,

B. FUZZY CONTROLLER FOR POWER SYSTEM.

The proposed control system utilizes two independent,
conventional fuzzy logic controllers (FLCs) for the
regulation of stator active and reactive powers (Ps, Qs)in the
DFIG. The FLCs generate the necessary rotor voltage
references. The design methodology, comprised of three
primary steps, is presented in Fig 4
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Fig. 4. Fuzzy Logic Control of Active and Reactive Power

In the diagram above, the FLC inputs are
calculated at time k as follows:

e: Error, it is defined by:

e(k) = (Psref' eref)(k) = (P, Qs) (k) (18)

Ae : The derivative of the error it s

approximated by:



e(k)—e(k-1)

Ae(k) = - (19)

T,: is the sampling period.

The output of the regulator is given by:

Vr,dq (k) = Vr,dq (k - 1) + Au(k) (20)

The gainsG,, Gs., and G,,are the gains that
allow changing the sensitivity of the fuzzy
regulator without changing the fuzzy structure.
They are used to transform the physical values
of the inputs into a normalized domain [-1 1]
called discourse universe.

For the membership functions, we

chose for each variable the
trapezoidal shapes as shown in Fig. 5.
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Fig. 5. Membership functions for input variables,e, Ae and output Au.

To simplify the description of the inferences, we use an
inference matrix, see Table 1

TABLE |. BASIC CONTROL OF ACTIVE AND REACTIVE POWER

e,Ae | NB | NM | NS A PS | PM | PB
NB NB | NB | NB | NB | NM | NP Z
NM NB | NB | NB | NM | NS Z PS
NS NB | NB | NM | NS A PS | PM
Y4 NB | NM | NS Z PS | PM | PB
PS NM | NS A PS | PM | PB | PB
PM NS Z PS | PM | PB | PB | PB
PB Z PP | PM | PB | PB | PB | PB

The inference method used is the method (Max-Min) which
is easy to implement.
For defuzzification, we use the center of gravity method to
obtain [5]:
_ 2:in;1u(d\’vr,dq)dt

dVraq = 0 u(dVy,gq) (21)

C. PI CONTROL WITH ADAPTIVE FUZZY GAIN

The proportional-integral (PI) controller is a linear
control system favored in mechanical operations for its
simple design, ease of implementation, and satisfactory
performance. However, the field of adaptive control has
seen considerable progress recently, leading to the
integration of artificial intelligence into PI control strategies.
This integration aims to enhance performance and tackle a
wider array of control issues. The availability of faster
computing resources and larger memory capacities has
enabled the practical implementation of these high-
performance adaptive algorithms [20, 21-22].in the time
domain, a classical PI controller can be defined as follows:

u(t) = Kye(t) + K; [ e(t)dt (22)

The fuzzy controller fine-tunes the parameters of the pi
controller and produces fresh parameters tailored to varying
operational conditions. this is accomplished by taking into
account the error and its derivative as inputs. fig 6 illustrates
the block diagram of the adaptable fuzzy gain for the pi
controller
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Fig. 6. Pl Controller with Adaptive Fuzzy Gain

We use the method of poles compensation for the
synthesis of the Controller in order to eliminate the
zero present on the transfer function, which results in the
following equality

The inputs of the FLC fuzzy controller are: error (e) and
the derivative of the error (Ae) the outputs are: the
normalized value of the proportional action K and the
normalized value of the integral actionKj.

the normalization pi parameters are given by [22]:

(Kz,; _ Kp - Kpmin
Kpmax - Kpmin

K* = Ki - Kimin
' Kimax - Kimin

The inputs of fuzzy controller are: error (e) and derivative
(Ae) of error are designed as in fig 7
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Fig. 7. Membership fonctions the inputs (e) and Ae
The membership functions the outputs kj, and ki gain of
the active and reactive powers controller are designed as in
fig. 8, fig. 9.which: negative noted n; zero noted z; positive
noted ; positive small noted PS; positive medium noted MP;
positive big noted PB.
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Fig. 9. Membership functions the output K;".



TABLE II. FUZzzY SWITCHING LOGIC RULE BASE

e
Ae N Z P
Kp K; Ky K; Kp K;
N PS PB PB PS PS PB
Z PB PS MP MP PS PB
P PB PS PS PB PB PS

V. SIMULATION RESULTS AND DISCUSSIONS

In order to study the dynamic performance of the DFIG
(Doubly-Fed Induction Generator) under variable speed
conditions using a vector control technique, a simulation
was carried out using Matlab/Simulink. The performance is
analyzed first with a Pl and fuzzy controller, and then with
Pl-fuzzy controller. The parameters of the wind turbine with
DFIG are given in Table 3.
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Fig. 11. Mechanical speed.

In the initial test phase, active power generation is directly
influenced by wind speed. The stator reactive power is
maintained at zero to achieve a unity power factor on the
stator side, maximizing the quality of the energy returned to
the grid. A mean wind speed of approximately 9 m/s is

applied to the turbine over a 5-second interval. The wind
profile used during this simulated period is depicted in Fig
10, while Fig 11 displays the resulting generator speed wyec
(tr/min).
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Fig. 12 and Fig. 13 present the active and reactive power

responses for the three control strategies under
consideration. The PI-fuzzy controller clearly demonstrates
superior performance, exhibiting a faster response time
without overshoot, minimal transient oscillations, and
accurate tracking of the reference power despite variations
in mechanical speed. In contrast, the conventional Pl and
fuzzy controllers show less desirable characteristics,
highlighting the effectiveness of the hybrid Pl-fuzzy
approach.
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Fig. 14. Variation of M (-30%).
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Fig. 15. Variation of M (-30%).
Figures 14 and 15 illustrate the results obtained when

varying the mutual inductance. We observe a divergence in
the power tracking performance, particularly noticeable with
the Pl and fuzzy controllers. However, the PI-fuzzy
controller consistently demonstrates superior performance
and significantly more conclusive results compared to both
the standalone PI and fuzzy controllers. This suggests that
the combined PI-fuzzy approach offers a more robust and
effective control strategy in the face of variations in mutual
inductance. The divergence observed in the other controllers
may indicate limitations in their ability to adapt to these
changes, highlighting the advantage of the hybrid PlI-fuzzy
approach

TABLE II1. DFIG WIND TURBINE PARAMETERS [7]
Parameters Rated value Unity
Nominal power Pn 15 Mw
Stator voltage Vs 398 \%
Stator frequency fs 50 Hz
Number of pairs poles P 2
Stator resistance Rs 0.012 Q
Rotor resistance Rr 0.021 Q
Stator inductance Ls 0.0137 H
Rotor inductance Lr 0.0136 H
Mutual inductance M 0.0135 H
Gearbox ratio G 90
Rotor diameter R 35.25 m
Inertia Jt 1000 Kg m2
Viscous friction F 0.0024 Nm/rad

V. CONCLUSION

This paper details the modeling and proposes a control
strategy for a variable-speed wind energy conversion system
(WECS) using a doubly-fed induction generator (DFIG).
Three types of active and reactive power controllers were
developed: a conventional Pl and fuzzy controller, and a
self-tuning adaptive Pl-fuzzy controller. Comparative tests
were carried out to evaluate their performance and
robustness. The results show that the adaptive Pl-fuzzy
controller is more efficient and offers better stability and
faster convergence towards equilibrium than the
conventional Pl and fuzzy controller. This performance
improvement is attributed to the adaptation of the control
gains.
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