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https://doi.org/10.18280/jesa.590103 ABSTRACT

In modern control engineering, the demand for robust and adaptive control strategies is
critical for managing complex, nonlinear, and uncertain systems. This paper investigates
sliding mode control (SMC) and fuzzy PID control applied to a doubly fed induction
generator (DFIG), two advanced techniques widely used in both industrial and academic
contexts. SMC is known for its high robustness and finite-time convergence; however, it
suffers from chattering and dependence on accurate system modeling. In contrast, the
fuzzy PID controller combines the classical PID structure with fuzzy logic to provide
adaptive and smooth control without requiring a precise mathematical model. Through
theoretical analysis and a review of recent research findings, this study highlights the
strengths and limitations of each method in terms of robustness, adaptability,
implementation complexity, and application suitability. The results indicate that while
SMC excels in robustness and precision, the fuzzy PID controller offers a more flexible
and user-friendly alternative for systems with nonlinear or uncertain dynamics. Ultimately,
the choice between the proposed methods depends on the specific requirements of the
target application, with future research opportunities lying in hybrid strategies that
combine the robustness of SMC with the adaptability of fuzzy PID control to enhance
performance in renewable energy systems.
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1. INTRODUCTION

Due to the increasing economic and environmental costs of
fossil fuels, along with the global push to replace them, the
energy landscape has undergone significant changes in recent
decades. Renewable energy sources have emerged as a key
solution to these challenges, helping to meet growing energy
demands while also mitigating the looming energy crisis [1].
Among renewable technologies, wind energy has become a
leading option due to its abundance, environmental benefits,
and rapid global expansion [2, 3].

At the same time, a significant portion of electrical energy
is transformed into mechanical energy using motors. Among
these, doubly fed induction generator (DFIG) is especially
popular in industrial applications due to its suitability for
variable-speed operations, namely in electric vehicles, wind
turbine systems, and marine propulsion. The doubly-fed
induction machine (DFIM) offers several advantages,
including the following [4-7]: The DFIG can be supplied and
controlled through the stator, rotor, or a combination of both;
it is capable of operating over a wide range of speed variations
around the synchronous speed (up to = 30%), enabling
maximum power generation at varying wind speeds in turbine
systems; it permits decoupled regulation of reactive and active
power; and it enables independent control of flux, torque, and
power factor.

In the field of control systems, the challenges associated
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with nonlinear and uncertain processes remain a key priority.
Classical methods, such as PID control, have been widely used
because of their efficiency and simplicity, especially for linear
systems. However, when dealing with highly nonlinear, time-
varying, or uncertain systems, such as those found in
magnetohydrodynamic flows [8], more advanced control
strategies are required. Lotfi et al. [9, 10] optimized the PID
controller using metaheuristic algorithms applied to the speed
control of a WECS and DFIM. Larabi et al. [11] applied an
LQG-based LMI technique to a doubly-fed induction
generator (BDFIG). Arabi et al. [12] proposed a nonlinear PI
regulator enhanced by meta-heuristic methods for wind
turbine speed regulation.

Two such strategies are sliding mode control (SMC) and the
fuzzy PID controller.

SMC is a widely used control method due to its efficiency
and robustness. The SMC control law is designed using the
system model and consists of two distinct components. The
first is the equivalent control, which forces the system
dynamics to reach the selected sliding surface, ensuring
convergence. The second is called the switching term; it keeps
the system states on the sliding surface once it is reached. This
control scheme has been applied in various studies to manage
a wide range of systems, including robotic systems [13],
magnetic levitation (MAGLEV) systems [14], and permanent
magnet synchronous motors (PMSMs) [15].

In recent years, numerous studies have proposed and
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implemented advanced control strategies for DFIGs.
Karakasis et al. [16] developed a comprehensive control
scheme based on maximum power point tracking (MPPT) and
loss minimization (LM) for wind systems equipped with
DFIGs, aiming to maximize electrical energy production.
Bouderbala et al. [17] introduced both direct and indirect field-
oriented control (FOC) methods to enhance the reactive and
active power outputs of DFIGs connected to variable-speed
wind turbines. Jeon et al. [18] proposed a proportional—
integral (PI) controller for frequency smoothing in DFIGs.
Sadeghi et al. [19] applied a super-twisting sliding mode
control technique combined with direct power control (DPC)
to brushless doubly-fed induction generators (BDFIGs).

Their approach addressed the drawbacks of conventional
DPC, such as power ripples and current distortion, while
improving robustness compared to vector control. EI Ouanjli
et al. [20] introduced fuzzy direct torque control (FDTC) for
doubly-fed induction machines (DFIMs) equipped with two
voltage source inverters (VSIs), focusing on reducing
electromagnetic torque ripples and improving total harmonic
distortion (THD). Benbouhenni and Bizon [21] applied direct
vector control to extract optimal active and reactive power
from dual-rotor wind power (DRWP) systems using DFIGs.
Their approach involved rotor current control through four-
level fuzzy pulse-width modulation (PWM) and replaced the
conventional PI controller with a neural network. To address
the drawbacks of field-oriented control, namely significant
torque and flux oscillations, Ayrir et al. [22] proposed a fuzzy
direct torque regulation method for DFIG-based wind
turbines. Tamalouzt et al. [23] implemented a direct reactive
power regulation approach using a three-level inverter
topology for DFIG-based wind turbines. Xiahou and Wu [24]
introduced a fault-tolerant control scheme based on a Kalman
filter to handle voltage and current sensor faults in DFIGs.
Herizi et al. [25] employed a backstepping control technique
enhanced with fuzzy logic to improve the efficiency of DFIG-
based systems. Motivated by the above discussion, the present
study proposes the application of SMC for controlling the
DFIG system. The stability of the applied controller is
established with the help of a Lyapunov function. The
performance of SMC is compared with that of a fuzzy PID
controller, focusing on key parameters, namely overshoot, rise
time, and steady-state error. The models are simulated using
Simscape in MATLAB/Simulink. The simulation results
demonstrate that SMC outperforms the fuzzy PID controller in
terms of rise time and steady-state error.

The layout of the paper is as follows: Section 2 presents the
dynamics of DFIG. Section 3 discusses the design and system
stability of the implemented approach. Section 4 provides the
application of fuzzy PID on DFIG, and Section 5 interprets the
simulation results along with a detailed discussion. Finally,
Section 6 concludes the paper with the main findings.

2. DFIG MODEL

The DFIGs dynamics in d-q frame are given by:
Electrical equations:

. d
Vds:Rs 1gst dt PysWs (qu

. d
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Stator and rotor flux equations:

(PdS:Ls ids_HVIidr

(PqS:Ls 1qs_'—lvﬁqr

(Pdr:Lridr+Mids (2)
(@ LiiqtMig
. PM. f

Q—-J—leqr(pds—JTQ (3)

where,

Vgss Vgst Voltages of stator in the d-q reference frame.

Var» Vqr: Rotor voltages in the d-q axis.

igs» igs: Currents of the stator in the d-q axis.

igr , ige: Currents of rotor in the d-q axis.

Ly, L., M: Stators mutual, self-inductances, and the
windings of the rotor, respectively.

R, R;: the stator and rotor resistance.

P> Py StALOT flux linkages in d-q axis reference.

Pgp> Py, TOLOT flux linkages in d-q frame.

Q: is a speed.

f: indicate the friction coefficient.

J: represents the moment of inertia.

In the following, it is demonstrated that the control
objectives for a DFIG can be achieved by appropriately
controlling the rotor currents. By aligning the d-axis of the
park transformation with the stator flux, the system equations
can be given by:

Pas = Ps
(o — 0 )

where, @, represent a constant.
Considering that the line voltage amplitude V and the

synchronous speed w remain constant, the stator flux ¢, =¢..

Neglecting the stator resistance is a reasonable choice for
machines applied in wind turbine in the case of high-power.
The equations of stator voltage are given as follows:

Vds:O

{Vqs=VS=WS(pS (5)

Based on Egs. (19) and (24), the currents of the stator are

algebraically associated to the currents of rotor by the
following expressions:

S dr (6)

Taking the above considerations into account, the reduced-
order electrical model can be derived, in which the rotor
currents serve as the primary variables and the stator currents
are algebraically related to them.
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3. SLIDING MODE CONTROL Table 1. The control objective

SMC is a popular control method designed using two Commands Objectives
control terms. The first is the equivalent control, which drives Igr = lderef Q=Q
the system dynamics to converge to the selected tracking lgr = lgeref /
errors (sliding surface). The second is the switching control,
which maintains the system dynamics along the chosen sliding et

¢ | Slding | S

Sign(S)
surface

surface [26, 27]. The need for such robust stability guarantees
is a recurring theme in engineering systems, as highlighted by
recent reviews leveraging computational intelligence for Q Ueq
stability analysis in other complex domains [28].

Table 1 summarizes the control objectives of this study.

Figures 1 and 2 illustrate the control architecture of the Figure 1. Sliding mode control diagram

proposed approach.
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Figure 2. Sliding mode control (SMC) based doubly fed induction generator (DFIG) control diagram

. di di
3.1 Speed controller design 4= Lgrref  lar (15)
dt dt
The sliding surface is expressed by:
di di
_ qrref_ qr 16
Sl=el=g2rel‘_g2 (8) 53 dt dt ( )
Differentiating the above tracking error yields: By substituting Eq. (7) into Egs. (15) and (16), we obtain:
o dQy dQ o digger 1 . .
$1= dtl‘e 'E (9) $= dl:[l’e 'ch (Vdr'erdr+Lr(ws'W)clqr) (17)
After substituting Eq. (3) into Eq. (9), we get: o diger 1 ) M
$37 3:6 - L_(S (Vqr'erqr+Lr(ws'w) Olgr- L_ (Ws -W)(‘Dds) (18)
o dQs PM. f ! s
§1=—— (- g Py - - ) (10) _ . .
dt JLg J As mentioned previously, the equivalent control attempts to
o o ) drive the system dynamics onto the considered sliding surface,
Considering the definition of SMC, the equivalent and thereby making the latter converge to zero [29-31]. Therefore,
switching controls can be expressed as: the equivalent control laws are given by:
. JL . f dig,,
e () (11) VL0 Ry L ()i )- (19)
Sw_ . . Md digpref
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3.2 Current controller design ) o ) o
In the reaching step, the switching term is used to maintain

To establish the current control law, the following sliding ~ the system dynamics on the selected sliding surface [31], and
surfaces are selected: it is expressed as:
$9=€, ldrres-idr (13) Var =Lyo(p,sgn(s;)) (21)
837, =igrefiqr (14) Var =L;0(p,sgn(sy)) (22)
The time derivatives of Egs. (13) and (14) are calculated as The final control laws are obtained by adding the equivalent
follows: terms to the switching terms.

3.3 Stability analysis
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In this paper, the stability of the proposed control laws is
established using the following Lyapunov function [32]:

23
= Z D (23)
After computing the derivative of Eq. (23), we obtain:
X 3
V:Z S8 = 5181 + 528 + 5365 (24)
i=1

After substituting Egs. (10), (17), and (18) into Eq. (24), we
obtain:
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where, &; = (8, 8,, 83) denotes the system uncertainties.

In sliding mode, the control input is given by the sum of the
equivalent term and the switching term; therefore, the control
law is expressed as:

-eq  :SW
1qr—1 +1
Vdr_VerrVdr (26)
eq
Vqr—Vqr+Vqr
where, iy}, iy, Vi, VaY, vor and v§y are given in Egs. (11) and

(12) and Egs. (19)-(22).
Substituting Eq. (25) into Eq. (24) yields:

V=s(=p,sgn(s)+8;) + s, (—p,sgn(s,)+8;)

27
+53(=pysen(s:)+5s) 27
Eq. (27) can be rewritten as follows:
. 3
V=) (plslss) (28)
i

After selecting p, > max (;), we have V<0. Since V>0

and V<0, the system’s states are guaranteed to converge
toward the selected sliding surface, thereby achieving the
specified steady state in finite time.

4. FUZZY PID CONTROLLER

This work uses a fuzzy logic controller (FLC) to develop a
novel control strategy. The advantages of FLC over traditional
controllers include its ability to function effectively even in the
absence of an accurate mathematical model [33, 34]. This
adaptability makes it a popular choice for complex systems, as
recently demonstrated in its successful application to motor
control in renewable energy systems [35]. The fuzzy controller
consists of three main components: the fuzzy rule set, the
fuzzy base rules, and the fuzzification process. Its main feature
is the use of linguistic variables instead of numerical ones. The
fuzzy logic control technique is inspired by the human ability
to understand and interpret the behavior of complex systems
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by constructing a set of qualitative rules. FLC offers a
straightforward method for reaching conclusions from
imprecise, ambiguous, noisy, or incomplete input data [33,
34]. The steps of the FLC are illustrated in Figure 3.

Knowledge base

Decision making

Controlled system

Figure 3. Fuzzy logic diagram

In Figure 3, input data are converted into suitable linguistic
values by the fuzzification interface. The knowledge base
comprises a database, a set of control rules, and key linguistic
definitions. A decision is made based on the descriptions of
the linguistic variables and the control rule data. An interface
for defuzzification then converts the fuzzy control input into a
crisp (numerical) control output. The implementation of the
fuzzy inference system (FIS) for diagnosis involves three
functional stages, as illustrated in Figure 3.

4.1 Step of fuzzification

Fuzzification consists of determining the fuzzy sets for both
the inputs and outputs. The interval, the number of fuzzy sets,
and the shape of the membership functions must all be known
beforehand.

4.2 Inference step

At this point, we create the fuzzy rules that determine the
output based on the input variable values. The operator then
generates an implication from each rule, consisting of
premises connected by AND or OR. After defuzzification [33,
34], the aggregation of these rules results in a single, uniform
output value for the variable.

4.3 Defuzzification stage

In this step, the FIS’s linguistic variable output is converted
into a numerical value. There are three primary defuzzification
methods: the maximum method, which corresponds to the
minimum horizontal coordinate of the output membership
function [36, 37] and is rarely used; the weighted average
method; and the centroid method, which is the most effective.
The centroid method calculates the center of gravity of the
output membership function and is applied in the present
work. The FLC receives two input signals: the speed error and
the error variation. Defuzzification using the centroid method
produces the FLC output [37, 38].

5. FUZZY PID CONTROLLER FOR DFIG

To tune the PID gains using FLC, two inputs are selected:
the error and the rate of error. The outputs of the FLC are K,
K; and Kg4. Seven membership functions are used for both
inputs and outputs. Seven linguistic variables are assigned for
the inputs (BN: big negative, MN: medium negative, N:



negative, ZE: zero, P: positive, MP: medium positive, and BP:
big positive) and seven others for the outputs (EM: extremly

marginal, VM: very marginal, M: marginal, A: avereage, H:
hight, VH: very hight, and EH: extremly hight). Tables 2, 3

and 4 show the parameters of the inputs and outputs of the FLC

and the fired fuzzy rules.
Table 2. The parameters of inputs and outputs of fuzzy logic
controller (FLC)
Number of Type of
Variables Range Membership  Membership
Functions Functions
Error [-11] 7 Triangular
Error rate [-11] 7 Triangular
Kp [2286 3302] 7 Gaussian
Ki [22860 33020] 7 Gaussian

Table 3. Fuzzy inferences for determining Kq[39]

e

Ae BN MN N ZE P MP  BP
BN A H VH EH VH H A
MN M A H VH H A M
N VM M A H A M VM
ZE EM VM M A M VM EM
P VM M A H A M VM
MP M A H VH H A M
BP A H VH EB VH H A

Table 4. Fuzzy inferences for determining K; and K, [39]

€ BN MN N ZE P MP BP
Ae

BN A M VM EM VM M A
MN H A M VM M A H
N VW H A M A H VH
ZE EH VH H A H VH EH

P VH H A M A H VH
MP H A M VM M A H
BP A M VM EM VM M A

Figures 4 and 5 depict the proposed control diagram for
DFIG regulation.
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Figure 5. The control loop of fuzzy PID based DFIG
6. RESULTS AND DISCUSSION

The results presented in this study were obtained using
MATLAB/Simulink. To compare the performance of the
proposed approach, a fuzzy PID controller was considered.
The results obtained using the applied control strategies are
illustrated in Figures 6-11.
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Figure 8. The rotor current (i.q) obtained by SMC
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The machine and controller parameters are listed in Tables
5 and 6. The controller parameters were determined using a
trial-and-error approach.

Figures 6-8 present the results for the rotor speed and rotor
currents (i¢ and irq) obtained using the SMC controller. The
figures show that the DFIG rotor speed and currents converge
rapidly and accurately to their respective reference values.

Figures 9-11 show the rotor speed and rotor currents (irq and
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irg) of the DFIG obtained using the Fuzzy—PID controller.
From the figures, it can be observed that the Fuzzy—PID
controller achieves high tracking performance.

To evaluate the tracking performance of the proposed
controller, overshoot, rise time, and steady-state error were
considered. The performance of the applied controllers is
reported in Table 7.

Table 5. The DFIG’s parameters

Parameters Value
Stator resistance 2.6.103Q
Rotor resistance 2.9.103Q
Stator inductance 0.0026H
Rotor inductance 0.0026H

Mutual inductance 2.5.10°H
Pole pairs 2
Grid frequency S0HZ
Total damping 0.003

Total inertia 127 kg m?

Table 6. The controller’s parameters

Speed Current Control  Current Control
Value . .
Control iq ia
P, 150 / /
P, / 150 /
P, / / 150

Table 7. The performance of the employed controllers

Performances SMC Fuzzy PID
Overshoot 0.31 0.031
Rising time 0.328s 1.874s
Steady error 0.002 0.0074

Table 4 summarizes the tracking performance of the applied
controllers. The fuzzy PID controller exhibits lower overshoot,
whereas the SMC controller achieves superior steady-state
error and rise time.

The above comparative analysis shows that the fuzzy PID
controller yields a lower overshoot, which reduces mechanical
stress on components (thereby improving the safety of
elements such as blades), provides more stable power, and
enhances grid stability. Similarly, the results demonstrate that
the SMC offers better accuracy, meaning that the wind turbine
operates closer to its theoretical maximum power, ensuring
improved performance. Therefore, the choice between the
proposed control strategies should be determined based on the
trade-off between safety and efficiency.

7. CONCLUSIONS

This paper presented a comparative analysis of SMC and
fuzzy PID control for the speed regulation of a DFIG. The
proposed SMC approach, supported by Lyapunov-based
stability analysis, demonstrated high robustness against
internal parameter variations and external disturbances while
ensuring fast and stable closed-loop dynamics. Simulation
results confirmed that SMC achieves superior rise time and
lower steady-state error compared to the fuzzy PID controller,
making it particularly effective in scenarios where precision
and dynamic response are critical. Conversely, the fuzzy PID
controller exhibited reduced overshoot, highlighting its ability



to provide

smoother transient behavior and easier

implementation in systems with model uncertainties. The pros
and cons of both presented schemes are listed in Table 8.

Table 8. The controller’s parameters

Control Techniques SMC Fuzzy PID
Robustness good Middle
System modeling Required Not required
Controller design Complicated Middle
Expert knowledge  Not required Required
Stability proof Yes No
Computation loading Light Heavy

Overall, the study shows that SMC is well-suited for high-
performance control of DFIG-based renewable energy
systems, whereas fuzzy PID remains an attractive option when
simplicity, flexibility, and lower overshoot are prioritized.
These findings underline the importance of selecting a control
strategy based on specific application requirements, such as
response speed, robustness, and implementation complexity.

Future research may extend this work by comparing the
presented approaches with other advanced controllers, namely
the linear quadratic regulator (LQR) and model predictive
controller (MPC).
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