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Abstract—Using renewable energy sources is the best alternative to fossil fuels for our energy needs because they are constantly
renewed in nature, and we often call them green energy technologies because they produce little or no pollution. The most widely
used renewable energy sources today are solar power, hydroelectricity, biomass, geothermal energy, and wind power. The
widespread use of wind turbines has prompted electrical engineering researchers to improve this transition and the quality of the
power supply, as this is the most promising energy source for our needs. To increase the efficiency of wind power systems, points
need to be exploited more closely. Maximum power therefore requires the use of maximum power point trackers (MPPT), which,
by optimizing power output, are crucial to wind power systems. Our work aims to apply fuzzy logic control to continuously and
independently control the reactive and active power generated by the Doubly-fed induction generator (DFIG) of the flow-oriented

wind power system.
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1. Introduction

The use of renewable energies is nothing new. They have
been exploited by mankind since the dawn of time. In the past,
water mills, windmills, firewood, animal traction, and sailing
boats all contributed to the development of humankind. They
were an economic activity in their own right, particularly in rural
areas, where they were as important and diversified as food
production [1]. Energy consumption worldwide and in our own
country continues to rise. Fossil fuels (oil, natural gas, coal, etc.)
account for the majority of energy used in the world. Because of
their widespread use, these sources may eventually run out and
pose a serious threat to the environment. This threat is
manifested mainly through pollution and global warming due to
the greenhouse effect [2]. Faced with these problems,
researchers are turning their attention to new forms of many
"renewable" energy sources, including wind energy [3]. Wind
energy is the most promising source of renewable energy. In the
1980s, wind turbine systems (WTS) were first developed with a
few tens of kilowatts of electricity; currently, most wind turbines

are installed and continue to grow in size [4]. The majority
of wind turbines in use today include a power supply for doubly
fed induction generators (DFIG). They can so function ina broad
range of wind speeds and harvest the most power feasible at each

speed. Its rotor circuit is connected to the grid through a power
converter, while its stator circuit is directly connected to it.
Because there is less power transfer between the grid and the
rotor, the cost of the converter is lower than for stator-fed
variable-speed wind turbines [5]. This is the primary cause of
the high-power output that we have observed in this generator.
The ability to modify the generating voltage at the connection
point is the second justification [6].

In this context, this study is devoted to the robust control of
a wind energy conversion system based on (DFIG), to increase
the efficiency of this system. According to the literature,
conventional controllers' significant damping and sluggish
response times are two major problems. Consequently, the
demand for sophisticated control techniques is rising [7]. Prior

research has mostly concentrated on enhancing the dynamics
of conventional controllers, such as Fuzzy logic control (FLC)
[9], backstepping control [8], and sliding mode control [8]..

This work presents the use of a modern (fuzzy) and classical
(PI) control technique to a doubly-feed induction generator
(DFIG) based variable-speed wind energy conversion system.
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The comparison results of the simulation show how well the
recommended control performed both dynamically and robustly
when the FLC was used to track the reactive and active power
of the reference stator.

This work is organized into four sections: The wind energy
system employing the DFIG is described in Section 1; Section
2 models the system under study; Section 3 uses the Pl and
fuzzy logic controllers to control the turbine speed through
Maximum Power Point Tracking (MPPT) technology, and
section 4 controls the reactive and active power of the WECS.

2. Wind System Design Studied

There are several types of wind generators based on the
asynchronous machine [10]. In our case, we give the structure
of the wind generator based essentially on DFIG.

The wind energy system based on the DFIG is primarily
composed of three components: the wind turbine, which is a
mechanical component, DFIG, the electrical component, and
two control components, Grid-Side control, and Rotor-Side
control.
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Fig.1. DFIG-based wind turbine design.

3. Modelling A Wind Power System
3.1. Wind Modeling
The following expression presents the wind profile:

V(t) =7 + 0.3 *sin(0.1047 = t) + 0.3 *sin(0.2665 = t) + 0.3 * sin(1.293 *
t) + 0.3 * sin(3.6645 * t) + 0.3  sin(0.93275 * t) + 0.3 * sin(4.3365 =

t) + 0.3 * sin(12.82575 * t) + 0.3 * sin(3.264625 = t) + 0.3
sin(15.17775  t) 1)

3.2. Turbine Modeling

Wind turbine power can be expressed as follows [11]:

PWincl tutbine = Cp-pw = Cp(}\' B)%3S (2)
With,

A: Speed ratio

V: Wind speed.

R: Blade length.

S: Swept area of wind turbine.
f: Angle of blade orientation.
p: Air density.

The speed ratio is provided by [12]:

A_ — Q‘;urb-R (3)
vent

The power coefficient is provided by [12]:

Co(A,B) =C; —C(B—C3).sin(A) —C4,A—-C)(B—C3) (W)
3.3. Modeling the DFIG

3.3.1.  Electrical Equations [13]

Vas R 0 07 i d Pas

Vs | = 0 Rg 0 ips +a Pps (5)
Vcs 0 0 RS— iCS Cs

Var Rr 0 0 [1ar d Par

Vbr =10 Rr 0 ipr | + at Ppr (6)
Vcr 0 0 Rr Licr Per

With,

[VasVis Ves 1T [Var Vior Vi ] T: stator and rotor voltage vectors.
[aripr icr]T, [iasins ics] T : rotor and stator currents vectors.

[(par(pbrq)cr]T, [(pascpbs(pcs]T: rotor and stator voltage vectors.
R, R, : stator and rotor resistance respectively.

3.3.2.  Magnetic Equations [13]

Pas [Ls Mg Mg][las lar

Pps | = Ms Ls Ms Ips| + [Msr] Ipr (7)
[ Pes | Mg Mg Lgllics er

Par L. My Myfiar] Ias

Oy | = Mr Lr Mr llbr + [Msr] 1'bs (8)
[ Per ] (M, M, Lqllig [1cs
With,

Ls: The inductance of the stator.
Ms: Mutual inductance in the phases of the stator.
L;: The inductance of the rotor.

M;: Interphase mutual inductance in a rotor.

3.3.3.  Mechanical Equations [13]
155 = Tem — Tp — (£ Q) 9)
Q:% (10)
Where :

Q: The mechanical angular velocity.

Tem: Electromagnetic torque.

T Resistive torque.

fr: The coefficient of friction.

w :Electrical angular speed of rotor rotation.
J: The rotor's moment of inertia.

P: Number of pole pairs.
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4. Control Strategy for A Variable-Speed Wind Turbine

In this work, we use MPPT control with mechanical speed
feedback. The turbine speed must continuously adapt to the
wind speed to optimize the amount of power generated by wind.
For Aqpt and B=2°, the turbine's optimal mechanical speed is
found. The generator speed serves as a reference for the PI
controller. The latter adjusts the setpoint
The control is the electromagnetic torque Tem, it is used to turn
the generator at its fastest possible pace. The torque that the
controller computes produce the reference torque for the
turbine model, as presented in Fig. 2.

Shaft

Turbine Multiplier

Temn

Fig.2. Block schematic of power extraction maximization
with speed control.

4.1. Speed control by Proportional-integral Controller (PI)
The electromagnetic torque is written as following [14]:

Tem = Reg(Q:néc = Qmec) (11)
Q:laéc =G Q:urb (12)
Where,

Qfurp :Reference turbine speed
O*nec: Reference mechanical speed
Qmec: Mechanical speed

«  _ loptV
turb — g

(13)

aQ
K, 0
Kpu 4w

Fig.3. Loop diagram for speed control using a PI controller.
The function for open-loop transfers is provided by [14]:

[ _ ka-S+kiw

GBO = o ].s2+f.s (14)

We calculate a second-order transfer function in a closed loop.
[15]:

ka'S+kiW
_Q _ J
Gpr == = 2 KWt Koy (15)
J J
Whose canonical form is [14]:
2.8 wy,. 2
G(S) _ Ewp.s+wi (16)

s24+2.Ewp.s+W2
With, & represents the damping coefficient and w, the natural
pulsation.

The expressions for parameters Kow and Kiw [14]:
kpw =2.&wp.]—f
{ pw E n2] (17)
Kiw =J. Wy
4.2. Basic Structure of a Fuzzy Controller

Linguistic variables play a very important role in fuzzy
logic [9]. In our case, Wind is a linguistic variable if its values
are: Strong, Medium, or Low.

.lﬁ\ | Wind I

Low | Medium |

Language
variable

Linguistic
“— torms

€——— Semantic rule

Membership
function

> Wind

] 12 15 37 40 70 speed

Fig.4. linguistic variable with three linguistic terms.
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Fig.5. Block diagram of a FLC.

» The knowledge base comprises a database that
provides the information required for standardized
functions, and a rule base that constitutes a set of
linguistic expressions built around expert knowledge
[9].

» Fuzzification is the process that makes it possible to
go from numerical (physical quantities) to symbolic
(fuzzy variables) [9].

» Inference rules: we used the two-dimensional matrix
inference rule method with the Max-Min method
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(Mamdani Implication) as shown in Fig.6.

-1 -0.6 -0.4 -0.2 0 0.2 0.4 06 1

e,AeetAu
Fig.6. Membership operations.

Table 1. Matrix of inference.

e NG |NM | NP | ZE | PP | PM | PG
Ae
NG | NG | NG | NG [ NG | NM | NP | ZE
NM | NG | NG | NG [ NM | NP | ZE | PP
NP | NG | NG |NM [ NP | ZE | PP | PM
ZE | NG | NM | NP | ZE | PP | PM | PG
PP [NM | NP | ZE | PP | PM | PG | PG
PM | NP | ZE | PP | PM | PG | PG | PG
PG | ZE | PP | PM | PG | PG | PG | PG

» Defuzzification interface: It involves turning the hazy
data produced by the inference mechanism into a
physical quantity. Several methods have been
developed to define the process control law [15]. In
this work, we have used the center of gravity method.
The center-of-gravity method Ay, determined:

dx
un= ffx:((;))dx (18)

Fuzzy control
sefting

¥

L»| Inference

Fuzzification
Defuzzification

Calculation
of e

The DFIG Tre

Fig.7. Block diagram of a FLC.

» The law of control:

The error and its variation determine the control law by
following:
Uk+1= Uk +GAuU.Auk+1 (20)

We normalize the error e and its variation, Ae, in the following
ways:

Xe = Ge.€
{XAe = GAe.Ae (21)
5. Active And Reactive Power Control
Stator voltages along the (d-q) axis presented by [16]:
. @Ps M .
lgs =7 — 7 -ldr
e (22)
1qS = — L_S . lqr
Active and reactive powers are presented by [16]:
Py = —Vs.i.igr
* 2 (23)
Qs = Vs-%: - Vs-LMs-idr = ﬁ - Vs-L%-idr

The relationship between rotor voltages and rotor currents is
shown in the following equation [17]:

MZ
Var = R Iy — g . (Lr - L—S) gr

24)
M2 M2V (
Vgr = Ry Igr + g 5. (Lr - L—S) dar + g 055
5.1. Proportional-Integral (PI) Controller Synthesis
P Qs i MV, P, Q¢
— Koty RoL tsol.L,

Fig.8. Block diagram of PI control structure.

The open-loop transfer function (OLTF) with controllers is

written as follows:
(kp-s+kj).M.Vg

_ Pg o.Lr.Ls
Ggr(s) = P: 2, RrlstkpMVs KMVs (25)
sts. o.Lr.Lg “ToLrLg

5.2. Fuzzy logic control synthesis
To apply this control to our system, we used the structure of
indirect vector control with a Mamdani-type fuzzy controller.
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Fig.9. Block diagram of the FLC structure.
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The rules of fuzzy logic control are presented in the following
table.2:

Table 2. Fuzzy logic control rules.

e

Ae N z P
N GN SN SP
Zz GN z GP
P SN SP GP

6. Simulation Results

The results obtained by controlled simulation are presented
and analyzed for blade orientation held constant at the
minimum value (i.e. B = 2). In order to extract as much energy
as possible, the speed ratio must be set at Aopt= 9.41, which
corresponds to the maximum value of the power coefficient
Cpmax= 0.5268 whatever the wind speed.

We first used the MPPT structure with servo-control,
mechanical speed by the following controllers: Pl and fuzzy
logic method. Figs 10 and 11 show the MPPT control with
mechanical speed, such as: (Fig.10.a) mechanical speed and its
reference, (Fig.10.b) error mechanical speed, (Fig.10.c)
aerodynamic power, (Fig.10.d) relative speed and its reference.
(Figure 11.a) mechanical speed and its reference, (Fig.11.b)
error mechanical speed, (Fig.11.c) aerodynamic power,
(Fig.11.d) relative speed and its reference.

Maximum power is achieved without overshoot; however,

it should be noted that the instructions followed in transient and
steady state are the same, albeit slightly modified.
On the other hand, the system response highlights both
strategies, namely the fact that it follows the trajectory without
any overshoot, including the best "Fuzzy logic" approach,
according to the simulation results in Figures 10.b and 11.b.

We carried out simulations in MATLAB/Simulink to
study the performance of a DFIG controlled by a FLC targeting
power control.

Figure 12 Results of the FLC's power control

simulation, including rotor current, stator current, torque, active
power and its reference, and reactive power and its reference
(Fig. 12.a,
12.b, and 12.c). We notice that the controlled quantities follow
their reference trajectory, both the stator and rotor currents'
waveforms are nearly sinusoidal, and the 3-@ currents produced
by the DFIG are proportionate to the active power supplied. The
reactive and active powers precisely follow the references, are
fully decoupled, and also have low static error.
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Fig.10. MPPT simulation pour turbine control using PI.

78



INTERNATIONAL JOURNAL of SMART GRID
L. Rayane et al., Vol.8, No.1, March, 2024

160

speed
150 - ref-speed | |

N
)
L

@
o
L

" mechanical speed (rad/s)"
5 8

<)

<]
T
L

©

o
T
L

®
<]

o 1 2 3 4 5 6
" Time (s)" <10°

(2). Mechanical speed and its reference

a T T T T T 1

" mechanical speed error (rad/s)"
N

- 1
-8
) 1 2 3 4 5 6
" Time(s)" <10°
(b). Error mechanical speed
7000
6000 1
£ 5000
5
=
g
g 4000 B
g
=
§ 3000 | 8
2000 B
1000
) 1 2 3 4 5 6
“Time (s)" <108

9.4100000000015

9.410000000001

9.4100000000005

" relative speed"
©
s

9.4099999999995

9.409999999999

(C). Aerodynamic power.

landa
optimal landa

9.4C

Fig.11. MPPT simulation pour turbine control using FLC.

1 2 3 4 5 6
" Time (s)" <10°

(d). Relative speed and its reference.

"Active power (W)"

" rotor current (A)"
o
=

4000 4500 5000 5500 6000 6500 7000 7500 8000

“ Time (s)"

(2). Rotor current.

" stator current (A)"

7000 7200 7400 7600 7800
* Time(s)"

(b). stator current.

"Torque (N.m)"
&
o

-40

o 0.5

1.5 2 25 3 3.5 4 4.5 5
"Time (s)"

(C). Torque.

-1000

-2000

-3000

-4000

-5000

-6000

-7000

-8000

Pmes
Pref

1.5 2 25 3 3.5 4 4.5
"Time (s)"

(d). Active power and its reference.

79



INTERNATIONAL JOURNAL of SMART GRID
L. Rayane et al., Vol.8, No.1, March, 2024

2000

Qmes

1000 Qref 1

o]

-1000 \
-2000
-3000 ’{ 1

-4000

"Reactive power (VAR)"

-5000 1

-6000

-7000 1

-8000
o] 0.5 1 1.5 2 25 3 3.5 4 4.5 5
"Time (s)"

(€). Reactive power and its reference.
Fig.12. Results of the FLC's power control simulation.

Conclusion

This article has demonstrated a DFIG-driven wind
energy control system practicing Pl and fuzzy logic. These two
types of controllers are summarized and compared in the

turbine part, about tracking, robustness, and reference.
MATLAB/Simulink software has been utilized for analysis and
validation of the results. The results of the simulation
demonstrate the excellent dynamic performance and robustness
of the suggested control when the FLC was utilized to monitor
the reference stator's reactive and active power.
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