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Abstract. Effective power regulation is critical for ensuring
the stability and performance of Doubly Fed Induction
Generator (DFIG)-based wind turbines. This study conducts
a comparative study between two control methodologies:
fuzzy logic control (FLC) and sliding mode control (SMC), to
regulate power in DFIG-based wind turbines. The paper
emphasizes the importance of power regulation in wind
turbines and its impact on grid stability, presents
mathematical equations governing DFIG-based wind turbine
systems, encompassing machine equations, power equations,
and control objectives related to power regulation. A
comprehensive model of the DFIG-based wind turbine system
is developed, accounting for dynamic machine behavior and
grid interface considerations. The modeling process
integrates relevant electrical and mechanical components,
along with power regulation control strategies. Subsequently,
FLC and SMC control methodologies are developed and
implemented to regulate desired power. Detailed discussions
on controller design and tuning are provided, aligning with
specific power control requirements. The results highlight
SMC's effectiveness in achieving precise power regulation
within DFIG-based wind turbines, showcasing its superior
response characteristics. The study offers valuable insights
into the advantages and trade-offs associated with each
control approach, aiding researchers and practitioners in
selecting the most suitable control methodology for their
operational needs. In summary, this paper contributes to the
field of wind turbine control systems through a comparative
study of FLC and SMC controllers, focusing on regulating
power in DFIG-based wind turbines. The findings
demonstrate SMC's superior performance in response,
enhancing our understanding of control methodologies for
optimizing wind turbine performance and grid integration in
sustainable energy systems.

Keywords Doubly Fed Induction Generator, System Wind
Turbine, Fuzzy Logic Control, Sliding Mode Control.
1. Introduction

The global energy landscape is undergoing a profound
transformation, with an increasing reliance on renewable
sources of energy to mitigate the challenges posed by
climate change and resource depletion [1]. Wind energy,
in particular, has emerged as a pivotal contributor to
sustainable power generation. Wind turbines, with their
ability to harness the kinetic energy of the wind and
convert it into electrical power, play a central role in this
transition [2]-[3]. However, to fully unlock the potential
of wind energy, it is imperative to optimize the
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performance of wind turbines and enhance their
integration into the electric grid [4]. One of the key
challenges in wind energy systems is efficient power
regulation. Maintaining stable and reliable power output
in varying wind conditions is paramount for the seamless
integration of wind energy into the grid. This regulation
is especially crucial in wind turbines employing Doubly
Fed Induction Generators (DFIGs), a prevalent
technology in the wind energy sector. DFIG-based wind
turbines offer advantages in terms of variable speed
operation, improved power quality, and reduced
mechanical stress on the drive train. Effective control
strategies are at the heart of achieving precise power
regulation and enhancing the overall performance of
DFIG-based wind turbines [5]. In this context, this
research embarks on a comprehensive exploration of two
prominent control methodologies: Fuzzy Logic Control
(FLC) and Sliding Mode Control (SMC). These control
techniques have gained prominence due to their ability to
handle complex and nonlinear systems such as wind
turbines. To this end, this paper presents a detailed
analysis of FLC and SMC in the context of power
regulation for DFIG-based wind turbines. The study
delves into the intricacies of these control
methodologies, their implementation, and their impact
on the performance of wind turbines. By conducting a
thorough comparative analysis, the research aims to
elucidate the advantages and limitations of these control
strategies, ultimately providing valuable insights for
optimizing the operation of DFIG-based wind turbines.
This research addresses a critical aspect of wind energy
technology, highlighting the pivotal role of control
strategies in the performance and integration of wind
turbines into the broader energy landscape. As the world
transitions towards a more sustainable energy future,
understanding and optimizing control mechanisms for
wind turbines is vital to unlock their full potential and
ensure a cleaner and more reliable energy supply.

2. Modeling
2.1. Wind Turbine model

Wind captured by turbine blades is converted to mechanical
energy, driving the rotor of a Doubly Fed Induction Generator
(DFIG), as shown in Figure 1. The DFIG system, which allows
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the turbine to operate over varied speeds, enhances the

. . . 0.4
efficiency of energy capture. Integral to this setup is the
AC/DC/AC converter, which facilitates precise power control,
ensuring that the electricity generated is consistent with
demand. This dynamic, detailed in Figure 1, is crucial for the 03
effective delivery of controlled power to the grid.
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Fig. 2 Efficiency coefficient curve versus tip speed ratio.
Fig. 1 Wind energy system

. L 2.2. DFIG model
The power produced by the wind turbine is given by the

equation:
Pr = >Cp (4, B)pmR?Y,? 0))

Where : Py is the turbine power, C, (4, B) is the power
coefficient, p is the air density, R is the radius of the turbine,
1, is the wind speed, A is the tip speed ratio and f is the pitch
angle.

The power coefficient C, (4, 8) is calculated by the following a-axis
tions :
equations Fig. 3 Stator and rotor are represented by equal dq
L8 (Cz ) Cs winding currents[6].
C,(AL,B)=Cy|2—=C3B—Cy)eri + (A 2
(AP v # * ¢ @ Following the park transformation and mathematical
development in[7], we discover:
With— = ———28% ¢ — 052, ¢, = 116, C; = 0.4, P 7]
Ai A+0.088 B4l - Electrical equations
C,=5,C5=21,Cs=0.0068
. d
and A = @ Vas = Rsigs + Eq)ds - qu)qs
. d
The mechanical torque of the turbine is obtained by dividing Vgs = Rslgs + 5 Pgs + Wabas ®)
the turbine power by the speed rotation as detailed in this ) d
function: Var = Rplgr + E‘bdr = Waabgr
P 1 ; d
T, = Q_i = Z_QECP(;{' B)pmR*Vyiy 3) Vgr = Rylgr + E(bqr + Waadar (6)
Where (), is the mechanical angular speed of the turbine. - Magnetic equations
bas = Lsigs + L
Figure 2 illustrates the relationship between the power @ stds T fmiar
coefficient (Cp) and the tip speed ratio (1) for various pitch Pgs = Lsigs + Linigr (@)
angles (B). The graph highlights that an increase in § leads to a
reduction in the power coefficient, consequently decreasing Gar = Lyigr + Limigs
output power. The optimum Cp value is 0.39, achieved at 1 = L Loi g
9.886 and f = 0. The system must identify the optimal bar = Lriqr + Linigs ®)

rotational speed. Maintaining 4 at its optimal value (4,p;), as
depicted in Fig. 2, ensures that the coefficient is at its peak. The
optimal power can be calculated using the following equation:

- Angular equations

The cross-section angle in radians between the A-axis and the
a-axis 0,,, satisfies

1 2173
Pe =3 Cymax (Rope) PRV @ 0qa = 04qa — Om (€]
dg = 10
2t 7da = Waa (10)
and Om = [ wn(O)dt + 6, (€8))]
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Where w,, is the electrical rotational speed and 8,is the initial
angle by which rotor and stator coils are offset in electrical
space.

from Eq.9 and we know that wg = dg?“

Wq = Wga + Wy (11)
We can calculate 0,4,using Clarcke transformation from
(Ve Vs 02 10 (Vg V)

04q = tan™?! % (12)
And Wq = Wgyn = 2Tfyn (13)
we have Zmeen _ Tem~Ti (14)

dt J

where w,ecn 1S the mechanical rotational speed and Tj, is the
load torque and J is the moment of inertia. Given that

(15)

P
Wm = 5 Wmech
where P is the poles number, we have the angular acceleration
equation

dwpm P Tom=Ty

a2 g (16)

- Torque equation

The electromagnetic torque can be expressed as

P . .
Tem = ;Lm(¢qudr - ¢drlqr) 17)

where P is the number of poles.

- Power equations
Given that the stator real and reactive power can be obtained as
. . , RN
B +jQs = (Uds +]Vqs)(lds +]lqs) (18)
Where the superscript H denotes the conjugate of the given
complex-valued vector, we have

P = vg5iqs + Vgsigs (19)

Qs = Vgslas — Vaslgs (20)
Similarly, for the rotor we have

B = variar + Vgrigr @21

Qr = Vgriar + Varigr (22)
From Eq.7 & Eq.8

Das Lg 0 L, O [ids]

[‘qu] _ 0 Ls 0 Lm |iqS |

[par| [, O L. 0flia] (23)

lggr] Lo Lm 0 L. llige]

From Eq.23, currents can be calculated by using the inverse of
matrix [M]:

[ids] [d)ds]
i |9
|iq5|=M 1|¢qsl (24)
_dr dr
Ligr ] |$er ]
From Eq.5 & Eq.6, we can obtain fluxes with voltages as Input
d .
ad)ds = Vg5 — Rglgs + Wy ¢qs
d .
E‘pqs = Vgs — Rslqs — Wq Pas (25)
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d )

Ed)dr =Vgr — Reigr + WdA¢qr

d .

E‘pqr = Vgr — erqr = Waadar (26)

From Eq.9, and replacing the fluxes in terms of rotor currents
we get :

. d . .
Var = Rylgr + O—Lraldr - wdAaLrlqr

\ J \ v J
Uz’ir 1Jdr,comp
. d . .
Vgr = Rylgr + aLrElqr — wga0L,igy 27)
\ )
vclyr vq‘r,comp
LZ
Where 0 =1 ——
LsLy
. d .
From UEdq)r = er(dq)r + oL, 2 tdar (28)
and after Laplace transformation
. 1 /
Yaa)r = 7 1sor, Vdayr (29)

In which S is the complex number frequency parameter.

Using Eq.19, and given that vy = 0, igg = —LL—T: igr, We get

. Lm .
Py = vgsigqs = _L_Svdsldr (30)
. . . Vds
using Eq.20, and v, = 0 = Lyl Lgigs = ——, we
g q s qs > (bqs mbqr + stqgs “-’d’
have
. Vs Lm) .
= —Vgglgs BV =i 31
Qs ds‘qs ds (deS + Ls qr ( )

Table 1. Specifications of DFIG and Wind Turbine [8].

Parameter Definition Value Unit
R, Rotor 1.5 mQ
Resistance
R Stator 2.0 mo
Resistance
L, Rotor leakage 0.0024 H
Lg Stator leakage 0.0024 H
Ly Mutual leakage 0.0023 H
fsyn Rated frequency 60 Hz
P Poles 6
Moment of 75 Kg.m?
] inertia for DFIG
Moment of 2.4x10° Kg.m?
Jrurp inertia for Wind
turbine
p Density of Air 1.2 Kg.m3
Rotor Diameter 70.5 m
D for the Wind
Turbine (2R)

3. Controllers
3.1. Sliding Mode Control

The Sliding Mode Control (SMC) principle involves guiding
the system state trajectory towards a sliding mode surface,
denoted as S(X), and maintaining its proximity to this surface
by incorporating a discontinuous signal, sign(S(X)). The
following equation can express the SMC law :
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U= Upg + Uy (32)

The initial phase in developing the Sliding Mode Controller
(SMC) involved designing the sliding mode function as [9] :
_ d r—1
s=(a+3) e (33)
Where e is the tracking error, 7 is the system order and variable

A must satisfy the Hurwitz condition.
From Eq.28 we know that r = 1, so our surface is

S = e = lagrpesirea — lar (34)
Define the Lyapunov function as
V= %52 (35)

To guarantee the stability condition, the derivation of the
Lyapunov function in Eq.(35) must be V < 0 as S < 0

The derivation of the sliding mode function is

S=é= idquesired - Itir (36)
5 . i (er r=V r)
S = ¢é = lagrpesirea + d‘iTrdq 37N
Thus the derivation of the Lyapunov function V is
; ; (Rrlagr—Vagqr)
§§=S (qurDesired + d‘iTrdq) (38)

To satisfy the condition SS < 0, the sliding mode controller is

designed as

eq

udqr (39)

=0, (idquesired + erdqr)

Finally, a discontinuous control (sign(S)) has been added to
calculate the final law of sliding mode control as shown in
Eq.40:

Ugqr = uZZr +u, = uZZr + Ksing(S) (40)
Substitute Eq.40 to Eq.38 where u = Vg4, , then we get
$§ =—K sgn(S) <0 41)

3.2. Fuzzy Logic Control

Fuzzy logic is becoming an essential area of study
for many scientists. Consumer technological spin-offs
(cameras, washing machines, etc.) and industrial technological
spin-offs (regulation and management of complex processes
related to energy, transportation, material transformation,
robotics and machine tools) are currently accessible.

r--————————-—-"""""""—-""—-""—-"—-—- - - 1
} Knowledge Fuzzy Controller }
‘ 17 base |
\ : : \
| Fu.ZZIf'lcatIOIl Defuzzification ‘
interface interface
‘ Inference | |
} Engine |
‘ . Output }
‘ Input scaling scaling ‘

| Characteristic

variables System to be

controlled

Control variables

Setpoints

Fig. 4 Basic structure of a fuzzy controller [10].

Fuzzy control derives its name from automated control
applications, but its various uses today extend well beyond this
framework to anywhere mathematical modeling is problematic.
This control method works on a fundamental principle: it does
"interpolation" between a small number of known instances
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provided by an expert in the form of fuzzy rules such as "if x is
small and y is moderate, then u must be very large." The
construction of the predicates triggered by these rules is
typically done empirically, although other learning approaches
are increasingly being used with the goal of producing self-
adaptive control systems.

A Fuzzy Logic Controller (FLC) is designed by creating a
system that can efficiently control the behavior of a dynamic
process. FLC can be used to improve the performance of a
Doubly Fed Induction Generator (DFIG)-based wind turbine
by improving its control approach. One method for developing
an FLC is to start with a Proportional-Integral-Derivative (PID)
controller. To begin designing the FLC, a PID controller may
be used to operate the DFIG-based wind turbine. This PID
controller acts as a baseline control mechanism, allowing the
system to function and respond to a variety of situations. The
wind turbine is subjected to variable wind speeds throughout
this phase, and the PID controller creates control signals
depending on the error (difference between expected and actual
performance) signals it receives. These control signals change
the characteristics of the turbine to attain the desired
operational condition.

After extracting the Input and output data of the PID
controller, we can define the membership functions in a Fuzzy
Logic Controller describing the relationship between input
variables (error) and output variables (adjustments).
Membership functions may be built by examining the input-
output data from the PID controller's operation. The input
membership functions classify the mistake as "Low,"
"Medium," or "High," whereas the output membership
functions establish linguistic phrases like "Negative Large,"
"Zero," and "Positive Large" corrections.

Figures [5-6] show the input-output relationship of a
Proportional-Integral (PI) controller to demonstrate the
fundamental control method used in DFIG-based wind turbines
(this result was obtained from an old study in [6]). The
performance characteristics of the PI controller are
encapsulated in this figure, which serves as a forerunner in
creating the Fuzzy Logic Controller (FLC) for optimizing wind
turbine operations.

Input for Pl controller of V ar

Amplitude

L L L L L
29.9 30 30.1 30.2 30.3

Time (sec)
Input for PI controller of V ar
1000 [T T T T T ]

-1000 | B

Amplitude

-2000 | B

Time (sec)

Fig. 5 PI controller input data
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Output for Pl controller of V dar
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Output for Pl controller of V

ar
40

20 L
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=20 |

-40

L L L L L L L L
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Fig. 6 PI controller output data

The foundation for constructing the Fuzzy Logic Controller
(FLC) lies in extracting and analyzing input and output data
from the Proportional-Integral (PI) controller's operation, as
depicted in Figures 5 and 6. By leveraging this empirical data,
we define membership functions that underpin the FLC's
decision-making process.

3.2.1 Input membership functions

In the context of our FLC, input membership functions serve as
a bridge between the error signal (the difference between
expected and actual performance) and the control decisions.
These functions categorize the error into linguistic terms,
facilitating a human-like understanding of system behavior.
Through rigorous data analysis, we have meticulously crafted
these input membership functions. Figure 7 (as shown below)
depicts the input membership functions that were derived from
extensive data grouping and analysis:

Input Membership Functions
1.2
NL [-50-30 -18.75]
1
NM [-25-18.75 -6.25]
038 NS [-18.75 -6.25 0]
0.6 ZE 1625 0 6.25]
04 PS 10625 18.75]
02 ——— PM [6.25 18.8 25|
PL [18.75 25 50]
0 1
-100 -50 0 50 100

Fig. 7 Input membership functions-Error signal of I 4,

These input membership functions enable the FLC to discern
between (and from left to right) "Negative Large" ,"Negative
Medium", "Negative Small","Zero Equal","Positive
Small","Positive Medium" and "Positive Large" error
magnitudes, forming the basis for nuanced control decisions.

3.2.2 Output membership functions

ISSN 2286-2455

In tandem with input membership functions, output
membership functions are instrumental in shaping the FLC's
control strategy. These functions establish linguistic terms for
the system's response, such as "Negative Large" ,"Negative
Medium", "Negative Small","Zero Equal","Positive
Small","Positive Medium" and "Positive Large" corrections.
Figures 8 (as depicted below) illustrate the output membership
functions, meticulously formulated through the analysis of the
PI controller's output data:

Output Membership Functions

1.2 ‘
NL [-200 -120 -75]
1 A et NM [-100 -75 -25]
0.8 I ———INS [-75-250]
0.6 ZE [-25025]
04 I =t PS [02575]
0.2 et PM [25 75 100]
PL [75 100 200]
0 |
-300 -200 -100 0 100 200 300

Fig. 8 Output membership functions — Control adjustments
of VdT’

These output membership functions guide the FLC in making
precise adjustments to the DFIG-based wind turbine's
parameters, enabling it to operate optimally under varying
wind conditions.

3.2.3 Rules

The heart of our Fuzzy Logic Controller (FLC) lies in its rules.
These rules define how the FLC interprets input conditions and
determines appropriate control actions, enabling it to mimic
human-like reasoning and adapt to complex control scenarios.
The subsequent sections will delve into the practical
application of these rules in enhancing the turbine's
performance under varying wind conditions.

The table below provides a comprehensive overview of these
rules, each uniquely identified by a rule number. Each row in
the table represents a distinct rule that guides the FLC's
response to varying conditions.

Table 2. Rules for V_dqr' Fuzzy Controller

Condition

(Input)
Output

NL | NM | NS ZE PS | PM | PL

NL X - - - - - -

NM - X - - - - -

NS - - X - - - -

ZE - - - X - - R

PS - - - - X | - -

PM - - - - - x -

PL - - - - - - X
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4. Results and discussion

A Matlab simulation environment was utilized to evaluate
the effectiveness of the examined control strategies. This 2500 Rotor current axis (d)
environment focused on two main aspects: reference tracking —_ .o
and variations in parameters. The study employed a Doubly 2000 L e [—
Fed Induction Generator (DFIG), characterized by the s (L0
parameters and specifications outlined in Table 1. This
generator operates with a rated line supply voltage of Vs = 2600
398/690V.

4.1 Reference tracking

-2500 |

-2700

-2800

Amplitude

A realistic wind speed profile was employed to assess the
performance of both controllers in responding to this 2000
disturbance. The reference for active power (Psref) was
generated through the Maximum Power Point Tracking
(MPPT) strategy, and the reactive power reference was kept at a0 |
zero (Qs-ref=0) to ensure a unit power factor. As observed in
Figure 9, the power outputs closely follow their respective
references, demonstrating effective decoupling between the Time(Sec)
two powers and achieving a unity power factor, as highlighted
in Figure 13. The Sliding Mode Controller (SMC) showed Fig. 12 Rotor current behavior axis (d)
smaller amplitude oscillations that occurred over a brief period 2000 Rotor current axis (q)
and with less steady state error than the Fuzzy Logic Controller ‘ ‘ ‘ _“W(SMC)
(FLO). — = = ircesres

1500 |- _ ! FO) |
a

-3000

-3200

5 Stator reactive power (W)
T T T T T
Q (smC)

—_———"

1000 | 4

==l
TR

-810 L

500 | 1.958 1.97 1.96 1961 1962 |
05 0.705 0.71 0.715 072 *

-1000 L L L L

Amplitude

Time(Sec)
05 4

Fig. 12 Rotor current behavior axis (q)

-1 I I I I I I I I I
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Fig. 9 Stator reactive power behavior
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<
®
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£
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0 05 1 15 2 25 3 35 4 45 5
Time(Sec)

Fig. 13 Power factor

Fig. 10 Stator active power behavior
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4.2 Robustness

A stepped wind speed profile was employed to provide a
clear visualization of each controller's transient and steady-
state responses. The robustness of both the SMC and FLC
controllers was evaluated in terms of their ability to handle
variations in DFIG parameters. The simulation results revealed
that while both controllers effectively maintained
active/reactive power decoupling, there was an observable
coupling between reactive and active power. Notably,
oscillations were detected in the active power at specific times
(1 s and 1.7 s) for both the SMC and FLC controllers. The
SMC exhibited a quicker settling time of 0.0037s compared to
the FLC’s 0.008s, and both managed to follow the responses
accurately without any overshoots. A particular observation in
Figure 16-17 highlighted an error in the system using the FLC
controller between 1.6s and 2.5s, attributed to a highly active
power value. Based on these simulation outcomes, the SMC is
concluded to be more efficient and robust than the FLC
controller, evidenced by its shorter settling time and reduced
steady-state error.

108 Stator reactive power (W)
18 X . :
— QL0
_____ Q s desired
16 06 — — =G.6m0 |
> GRS
14 L 4
@
S121 i
=
£
<
1F 4
0 0.005 0.01
08 | 4
0.6 L L L L
0 1 2 3 4 5
Time(Sec)

Fig. 14 Stator reactive power behavior with +40%
variation of L

108 Stator active power (W)

\Y
14 | 162 ¢ I'\ ]
[} I\’
E 1A a1
= | IR
gz o Ny IRy 1
AT LAV — P.FoO
\y Y ’\’ [
1 L \ 1 \ /\ " a I\ I\ ’\l \,/./ ————— s desired
D 3
Moyt e —— ="
vl
0 [1605 Tr—— - J
16 165 17 175 18
0.6 1 1 1 1
0 1 2 3 4 5
Time(Sec)

Fig. 15 Stator active power behavior with +40% variation
of Ly
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108 Stator reactive power (W)
18 X . "
10 6 Q (FLC)
! \ _____ Q s desired
14
1.6 A — — _—Q,sm0) |+
1.2 h
. i
1\
[
1\
(] [ S —
°
g 4
=S 15 52
£
<
0.6 L L L L
0 1 2 3 4 5
Time(Sec)

Fig. 16 Stator reactive power behavior with 100%
Variation of R,,60% of L, and 10% of L,,,

10 © Stator active power (W)

@
]
2
8 14 4
£
<
1.64
N 1
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Ny PN
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Pl R P oesied |16 | ]
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Fig. 17 Stator active power behavior with 100% Variation
of R,.,60% of L, and 10% of L,,
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-1800 | -
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Fig. 19 Rotor Currents axis (d) with 100% Variation of
R,,60% of L, and 10% of L,
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Rotor current axis (q)
T T

1800

1600 |

2000
1400 | B

1500

1200 |

1000 1000

Amplitude

800 |
500

600 | = 4

400 L B

200 L L L L

Time(Sec)
Fig. 19 Rotor Currents axis (q) with 100% Variation of
R,,60% of L, and 10% of L,,
4.3 Comparative analysis
To clarify and facilitate the comparison study, we present
the following table:

Table 3. Performance comparison

Control | Response | Overshoot | steady-state Robust
Method time (%) error
SMC 0.0037 0.005% 1000 More
(0.00056%)
FLC 0.0080 0.0085% 2000 Less
(0.0011%)

The table above compares Sliding Mode Control (SMC) and
Fuzzy Logic Control (FLC) based on key performance metrics.
SMC demonstrates faster response time, lower overshoot, and
greater robustness.

5. Conclusions

In our comparative study of Sliding Mode Control
(SMC) and Fuzzy Logic Control (FLC) for power regulation in
Doubly Fed Induction Generator (DFIG)-based wind turbines,
we found that SMC demonstrates superior performance in
terms of response characteristics and robustness. This makes it
a potentially more suitable choice in scenarios requiring rapid
and precise power regulation, aligning with the growing need
for efficient renewable energy sources.

However, FLC's stable control capabilities, with minimal
disturbances during setpoint adjustments, also make it a viable
option, particularly where gradual and predictable control is
desired. This suggests that the control strategy selection should
be tailored to the specific operational demands and
environmental conditions of each wind turbine installation.

The study paves the way for future research, especially in
developing hybrid control systems that combine the strengths
of both SMC and FLC. Such advancements could offer
enhanced adaptability and performance in variable wind
conditions.
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Furthermore, integrating advanced technologies like machine
learning into these control strategies could further optimize
wind turbine efficiency and reliability. This progression is vital
for the global transition towards sustainable energy systems,
contributing significantly to grid stability and integrating
renewable energy sources.

Overall, our findings provide valuable insights into wind
turbine control mechanisms, underscoring their importance in
the broader context of sustainable energy and climate change
mitigation.
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