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INTRODUCTION

Wind energy is a competitive alternative to other renewable energy sources. Its recent rapid expansion is due to its
significant contribution to reducing emissions from conventional thermal power stations, as well as the decreasing
availability of fuels and rising energy production costs using traditional methods. Additionally, concerns about the
environmental impact of thermal and nuclear power generation are becoming increasingly prominent in public
opinion. Wind power systems are among the most advanced and well-established solutions for harnessing wind energy
[1, 2]. Globally, the capacity of new wind power installations reached a record 117 GW by the end of 2024, raising the
total cumulative capacity to 1,136 GW [3].

The most recent generation of wind turbines (WT) functions at variable speeds, enhancing energy efficiency,
minimizing mechanical stress, and improving the quality of the generated electrical power. Unlike fixed-speed wind
turbines, these systems employ control algorithms to regulate both active and reactive power (Ps and Qs) production
dynamically at any given moment.

A large share of modern wind turbines use DFIGs due to advantages like easy operation, variable speed capability (up
to 30% of synchronous speed), low maintenance, affordability, improved power quality, and durability. Their rotor
voltage is controlled by two inverters, enabling precise power regulation that makes DFIGs among the most reliable
solutions for managing variable wind speeds [4, 5].

To regulate a doubly fed induction machine (DFIM) system, classical control techniques must be employed,
incorporating proportional, integral, and derivative actions. To successfully construct the system, it is necessary to
understand all of its parameters and respond appropriately. However, mistakes and incorrect information are
widespread, and the fact that system variables are linked makes vector control (VC) more difficult [6, 7]. Nonlinear
techniques like sliding mode control (SMC) offer a solution, effectively managing parameter variations, disturbances,
and unmodeled dynamics in both linear and nonlinear systems [8, 9]. The biggest problem with this method is that it
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causes the system to switch more often since control switching happens when the system state crosses the sliding
surface. This can result in system chattering. This may cause high-frequency unmodeled modes, which might hurt the
nonlinear control system [10].

Passivity -based control (PBC) is a proven and effective approach for designing robust control systems in physical
applications. Rooted in established physical principles, it is widely applied in electrical, mechanical, and
electromechanical system management. PBC’s key advantage is that it attenuates rather than suppresses
nonlinearities, reorganizing the system’s natural energy and integrating control elements to meet objectives. This
method enhances robustness and ensures smooth controller calculations by eliminating nonlinear discontinuities [11].

Fuzzy logic is a mathematical method capable of emulating human reasoning by processing imprecise data, leading to
conclusions despite vague information. These systems are subject to uncertainties due to variations in linguistic terms
and noise in the measured data.

Uncertainties induce uncertain membership functions (MF).Type-1 fuzzy sets feature exact, two-dimensional
membership functions but are insufficient for managing such uncertainties. To overcome this limitation, Zadeh
proposed type-2 fuzzy sets, wherein the membership degree itself is represented as a fuzzy set within the interval [0,
1]. As a result, a type-2 fuzzy set is three-dimensional. The third dimension provides an additional degree of freedom
for taking linguistic uncertainties into account, particularly when the form or parameters of the MF are uncertain [12].

The passivity-Fuzzy Logic Controller (PFLC) represents an innovative control methodology that IDA-PBC
with IT2-FLC. This facilitates enhanced management of nonlinearities. The IDA-PBC control strategy is designed for
systems with Port-Controlled Hamiltonian (PCH) models, which incorporate interconnection assignment and
damping injection. Grounded in energy shaping and passivation principles, this method incorporates a damping factor
that systematically addresses nonlinear terms while optimizing interconnects and damping structures [13]. Integrating
Type 2 Fuzzy Logic into the controller improves the quality of both Ps and Qs. This results in superior performance
regarding reference tracking, disturbance resistance, and robustness against parameter variations in a doubly-fed
induction generator.

This paper provides a thorough comparative analysis of VC, SMC, IDA-PBC, and PFLC controllers for a DFIG-based
WECS. It includes theoretical analysis, modeling, and simulations, developing active and reactive power control
strategies to optimize power output. Thus, we examined and compared the performance of the four control strategies
using reference tracking and robustness criteria.

Conversion of Wind Energy

Figure 1 illustrates a WECS where the operation of a WT encompasses multiple disciplines, including aerodynamics,
mechanics, electricity, and automation.

Fig. 1. Principle of energy conversion.

Modeling the Turbine

Since the WT can only recover a fraction of the wind's power, the aerodynamic power appearing at the turbine rotor is
written as [14]:

P = 2pR*v*C, (4, B) (1)
Where p denotes the air density (1.225 kg/m3) and R represents the radius of the turbine blade, Cp(A) is the power
coefficient. This coefficient varies according to the specific design characteristics of the turbine. The tip speed ratio, A,
is expressed as follows:

A== (2)
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Q represents the rotational speed of the turbine rotor. The theoretical maximum Cp is 0.593 [15]. The input torque is
given by [14, 16]:

_ Pm 1

Tn = o :ﬁang’szp(A,ﬂ) 3)
Equation (4) gives the value of Cp for the wind turbine system [17, 18]. Cp, which is related to the output power, is at
its maximum when the tilt angle is 0°.

C,(A,B) = (0.5—0.00167(8 — 2))sin [M —  0.00184(A—3)(8 - 2) (4)

18.5-0.3(8—2)

To enhance WT performance, the maximum power point tracking (MPPT) control system should regulate the speed
while maintaining the  value at its minimum level. This maximises the Cp at the A, thereby achieving the maximum

power coefficient (Cp-max) [9, 19]. The torque reference T,,_..r was formulated by [20, 21]:

Trverer = 22 B2 2 (5)
m-ref — mec
f 72 B3, TG

The pitch controller keeps an eye on the turbine's power production and changes the pitch of the blades to get the best
performance in different wind situations. This keeps the wind speed from becoming too high. This keeps the turbine
construction safe by limiting the maximum rotation speed and keeping the wind turbine system's energy production at
its normal, steady level [19, 21].

Modeling of the DFIG

The formulations of the stator and rotor voltages along the d, q axis are expressly provided by [19]:
d$sa

Vsa = Rslsa + — = — Wsbsq

Vig = Ralsg + 22+ (05 = @) ]
Via = Ryl + 22 — w0,y ©
Vg = Relyg + 22+ (0, — 0,)bra

The rotor and stator fluxes are represented as follows.
$sa = Lglsqg + Mg
¢Psq = Lslsqg + ML, @)
Gra = Lrlrq + Ml 7
brq = Lelrqg + Ml

The system's mechanical equation is as follows:

deEC
lem =T +Cfﬂmec +Jr dt €))
Torque is defined as follows:
M
lem =D L_s ((l)sdqu - d)sqlrd) 9)

Design of the Vector Controller

We align the stator flux with a rotating reference frame to enable DFIG control, allowing us to manage active and
reactive power separately. For medium- and high-power wind turbines, stator resistance (Rs) is relatively low.
Consequently, the DFIG electrical equations are as follows [22]:

D= ¢s et Psq=10 (10)

The flow equation (77) can be expressed as follows:

$sa = Lslsa + MLy (11)
0=Lylgy + Ml
The stator voltage equations may be expressed in a simplified form as follows:
Vsa =0, V.'sq =V, = wsohs (12)

The rotor voltages V4 and V;4 regulate the stator power, enabling the independent management of reactive and active
power. In the d-q reference frame, the power can be represented as:
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M
Ps = Vsd[sd + Vsq[sq = _VSL_S[rq

M b (13)
Qs = Vsqlsd - Vsdlsq Vs Ls [rd V A
diy
=R+ () g, (-2,
. (14)
dly MV
qu = errq + (LT L_s) -4 + ga)s ( )Ird + g

According to equation (14), the Ps of the stator depends solely on the Irq, while the Qs depends on the Ird. The
decoupled control of the stator's Ps and Qs was performed in the stator flux reference frame using indirect stator
power vector control, as illustrated in Figure 2.

park v [| 5
e, —a) I PWAM|

Concordia
Martriv

Fig. 2. Diagram of the vector control structure.

Design of the Sliding Mode Controller

SMC is a control technology prized for its simplicity and robustness. Studied for over 60 years, it has numerous
applications [23]. SMC entails first mapping the system's states inside a meticulously selected area, followed by the
formulation of a control rule that guarantees the system's continual presence within this region [24].
Power control
To control power, we choose n=1. The expression for the Ps and Qs control surface is simplified to:
{S(P) =@ -p) a5
s(Q9) = (5 - Q)

A surface's derivative is:

s(P) = (PI/ - P,
{s( D= (R )
Q) = (057 - @)
The power expression (Equation 13) is substituted with
S = (B + V- hg)
. . (17)
. M
50 = 47 = (Vs hra)
Equation (14) is utilized to derive the current from the voltage equation.
S(PS) - ref +V; rq r rq - gwsULrIrd g?
° (18)

$(Q) = Q7 +V; S oL (Vrd Ry Lg + gwsoL 1)

The region attains attractiveness and invariance upon satisfaction of the convergence condition delineated by the
Lyapunov equation.

SXSX) <0 (19)
In the system of equations (18), we replace Vi and Viq with (Vi + Viy) and (Vy,' + VJy), respectively, in accordance

with the sliding mode theory:
(Veq + VR ) R.l.q — gwsoL,1rq — g%

Ls

S(Ps) =B + Vi

. : (20)
8009 = Q5 + Voo (Vg + Vi) = Relya + 80,0 Ly Lrg)
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Where: o = 1 — (13,/L;L,) denotes the leakage factor, and g represents the slip of the induction machine. In sliding
mode and steady state, the following conditions apply:
{S(Ps) = O,f'(Ps) = O,Wi= 0 (21)
S(QS) = O!S(QS) = 0! rd —
eq

By substituting the system of equations (21) into (20), the formulas for the equivalent commands V' and VSl can be

expressed as follows:

Vol = =B/ TSR 1y + gwgO Lyl + 8T
VeI = grer Srks g 1 ol S
rd N MV rird W50 Ly rq
So, the switching term may be written like this:
{VJ; = —Ky,,sign(s(P,)) o)
Via = —Ky,,sign(s(Qs))

For the control system to remain stable, gains Ky, and Ky, , must be positive.

Equations (22) and (23) make it possible to develop a block diagram for SMC when applied to a DIFG, as illustrated in
Figure 3.

-
ps (3 Concordia
Psref rctani-) Matrix
J
~
PS.11ES gl Calculation
I of Iny
G- 1rLES —ip DFIG
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J
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Ird.mes ;
rrerbine
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Fig. 3. Schematic diagram of the sliding mode control structure.

nlw

Design of the IDA-PBC

The fundamental concept of IDA-PBC is to modify the internal architecture to attain stability and the required
equilibrium. Control by interconnection assignment and damping injection defines the closed-loop (CL) system by
designating a target PCH, hence improving stability through damping injection [13].

Double-fed induction generator PCH structure

The initial phase of the IDA-PBC methodology involves systematically designing the PCH structure for DFIG based on
the model in equation (6), from which the following equations are derived:

d¢
2t = Vsa = Rylsq + wsLlsq + oMl

dj% =Vsq — Ryl — w5Lslsq — M1y (24)
dér,
:I;td =Vra = Rylq + (w5 — wr)LrIrq + (w5 — wr)MIsq
dér,
Tq =Viq = Rslyq — (w5 — @)Ly Irg + (05 — 0, )MI 54
The energy function can be written as follows:
H(x) = i L + ool (25)
2 2JpFiG

With: L:[LSIZ MIZ],Izz[(l) 0

MI, LI, 1
It is provided in the following manner that the partial derivatives of energy with regard to the state variables are
displayed:

0H OH
= r, (E= o=
e e
ox = ax, (26)
a_H = ]-1x a_H = w
m m m

The matrices presented below correspond to the command, damping, and interconnection components:
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—wsLsf; —wsMJ, 02%1 Rsl;  0zx2  0O2xq
J(x) = —wsLsJ,  —wrLs];  M]yls JR(x) = 0,52 Ryl 0y
0152 MIS], 0 O1x2 012 T
I 0Oyxp 0351
gx) = [Ozxz I, Opsa |, u=[" v 117
012 O1x2 1
With:
_[0 0 _ [0 _ _10 =17 7 _ [Vsa]l 1 _ [Vra
0z = [y ol 0a = [g]- 00 =100} =[] wr =[] w=])]

J@) =] R(x) =R(x)" 20

These matrices may be utilized to represent the PCH model:

—wsLls],  —wsMJ, 021 Ril;  0Ozx2 02 L 0252 02517V
x = ||—wsMJ, —wrLsJ; M| —02x2 Rply Opxa [|VH + |02k L 0Ogxs /4
01x2 MII], 0 Oi1x2 O1xz  Tf Oi1x2 Oz 1 0T,

02><2 12 02><1 VH

12 02><2 02><1
y =
01><2 01><2 1

Calculation of the control voltages Vrd and Vrq

In order to calculate the control voltages, it is necessary to find J;(x) and R,(x). The CL system can be written as

follows to obtain the controller's J;(x) and R, (x):
f) + gu = (Ja(x) = Rg(x))dH, (x)
Where:
Ja(x) =J(x) + Ja(x)
Ry(x) = R(x) + Ro(x)
Hg(x) = H(x) + Ho(x)

(27)

(28)

(29)

(30)

(31

(32)

(33)

R,(x), J.(x), and H,(x) denote, respectively, the interconnection matrix, the damping matrix, and the energy

introduced by the controller.
According to equation (32), this may be represented as follows:

() +Ja(x) = R(x) + Ra(x))Ha(x) = =(Ja(x) = Ra(x))0H (x) + g(x)u

Equation (34) is equivalent to:

(Ja(x) = Rq(x))0Ho(x) = —(Ja(x) = Ra(x))0H (x) + g(x)u
So, the desired total energy:
1

1 * - * *
Hy(x) = 2 (xe — xe)TL 1(xe —x;) + (em — xm)Z

2]DpFIG

So:

1

Ha(x) = Ha(x) = H(x) = —xe L7 e = —

* 1« - * 1 *
XX + ;xeTL Ix: + T x3?
. —I*
With : 9H,(x) = [_m* , where I = [Igglsqlrglq 17
Using this relationship transforms (35) into:

Ua@ = Re@) [ 2] ] = (a0 = Ra) [ ]+ g2

In (38), the command Vr appears on lines 3 and 4 of the matrix. As a result:

]a(x) = [O2x2 02x2 _]rm(x) ,Ra(x) =
O1x2 ]Z'm(x) 0

O2x2 Tl 0Oy

O2x2  O2x2 02x1 [02x2 02x2  Ozx1
O1x2 O1x2 0

]

Where:
JFL(X) € R2*1to be determined.
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r: This is an extra resistance that is present. It relates to the currents. One of its applications is to dampen transitory
fluctuation.
The matrices ], (x) and R, (x) are replaced, and the following is obtained using the formula (37):

(Ir_I;)T * *
]Im(x) =M I (Is - IS)TJZIr (40)

r_1;|2
So:
V=V = (0= o)(Lf2olr + Jrm (X)) — Mw*,(Is—I5) —rl, (- —17) (41

The order is, regrettably, singular regarding equilibrium. Adding a depreciation variable can effectively eliminate this
singularity. We continue to retain J4(x) and Hq(x) as previously established and modify the R, matrix to the subsequent
form:

O2x2  Ozx2 O2x1
Ry(x) =|02x2 7l 021 (42)
012 O1x2 €(x)
With:
Te*m_Tem e
§(x) = T(x) (43)
And:
Tom = Cro* (44)

When substituted into the CL Hamiltonian equation, the term £(x) is multiplied by (w — w*), which removes the
singularity.

The formula for V, in terms of J.,,(x) is unaltered since only the mechanical portion of (34) has been altered.

By utilizing the equilibrium equations, we can ascertain:

]rm(x) = MJ,I; (45)
The CL dynamic system consistently employs the formulation presented in equation (30), which comprises:
—wslsJ; —wsMJ, 02x1 Rl 02x2 02x1
Ja(x) = [—wsLs]s  —wirlsls  MJals[; Ry(x) = [02x2 (R + 7)1, 02x1 (46)
01x2 M, 0 01x2 012 Tr +&(x)

Lastly, the rotor voltages of the control are expressed as follows:
V=W — (@ = o) Lobli + MLl — Mo fo(s—15) —rhL(I, — 1) (47)

With:
V' = (ws — o) (L2 7 + MJR1S) + R LI (48)

A Passivity-based control block diagram applied to a DIFG can be designed using Equations (47) and (48), as

illustrated in Figure 4.
-
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Fig. 4. Diagram of the Passivity-based control structure.
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Design of the Passivity-Fuzzy Logic Controller

Context of fuzzy logic sets

In 1965, Professor Zadeh introduced fuzzy set theory. This theory allows a degree of truth (membership) to be assigned
to a variable that may be linguistic. This gradation of membership allows for the modeling of human observations
expressed by IF-THEN linguistic rules [25]. However, Type 1 fuzzy logic systems (T1-FLS) have limitations when it
comes to managing uncertainties and nonlinearities due to their distinct membership values. This led to the
development of T2-FLS, which were first introduced by L. Zadeh. There have been recent advancements in the
theoretical foundations of type 2 systems [12, 26]. The primary characteristic, the footprint of uncertainty (FOU),
addresses these uncertainties and nonlinearities efficiently. Research indicates that type 2 systems are significantly
more robust in the face of these challenges than type 1 systems [27, 28].

Combining IT2-FLC and IDA-PBC for the DFIG

The proposed framework uses a nested loop, in which the outer loop applies the IT2-FLC approach for energy
management. The inner loop of the IDA-PBC is converted into a dynamic feedback system based on recorded states,
such as rotor and stator currents and speed. The proposed controller is illustrated in Figure 5.

-~
[ .
a, e Concordial
arctan L—‘.:'} i
- Mot
— -
2

| turbine |

Fig.5. Diagram of Passivity-based Control using a fuzzy logic block.

Ll Iii mﬂ‘r,_d_m,, e

] =

Figure 6 illustrates the membership functions corresponding to the premises and consequences. The input and output
discourse domains are scaled to the interval [-1, 1].

PB

NB NM NS EZ PS PM PB

1

0.5

-1 08 -06 -04 -02 0 02 04 06 08 1

(@) (b)
Fig.6. (a) MF for inputs ¢ and de, (b) MF for output

The aforementioned M rules can be represented by an inference matrix. Table 1 shows the fuzzy rules associated with
the controller employed in this study.
Table 1. Rule table used by the T2-FLC

\K NB NM NS ZE PS PM PB
e

NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB
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Simulation Results

In this part of the simulation, a 10 kW generator is connected to a 400V/50 Hz network, with system parameters
detailed in Table 2. The VC, SMC, IDA-PBC, and PFLC controllers are compared based on three criteria:

1) Operation at constant WS.

2) Operation at variable WS with optimized MPPT control.

3) Robustness evaluation against DFIG parameter variations.

Table 2: Parameters of the 10 kW wind conversion chain .

Parameters Value Parameters Value
Rs (Stator resistance) 0.455 P (Number of pole pairs) 2
Rr (Rotor resistance) 019 Q p (Air density) 1.225Kg/m3
Ls (Stator inductance) 0.07H Ry (Blade radius) 3.45m
Lr (Rotor inductance) 0.0213 H Hn, (Inertia constant) 2s
M (Mutual inductance) 0.034 H D (Damping coefficients) 0.01Nm.s/rad

Fixed wind speed operation

0-
—_ —Ps-ref
2 2000 - Ps-SNC <
g Ps-PBC s
3 Ps-vC 5
3 e  Ps.PFLC g
o -6000 - vt AmprE g
(] o
2 -8000 - ;
]
¢
<-10000 - g

-12000 ! ! -6000 ! | | | I J

0 1 2 3 4 5 0 1 2 3 5
Time (s) Time (s)
(@) ()

Fig.7. Comparison of DFIG power: (a) Psand (b) ¢s under fixed wind speed conditions.
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5 40 5
0 © 2
1 1
g 20 2
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14 0 X 0
20l ‘ ‘ ‘ | J -20 ‘ ‘ : ‘
0 1 2 3 4 5
0 ! 2 Time (s) ° 4 5 Time (s)
(a) )

Fig.8. Rotor current: (a) /rgand (b) /4

The simulation results shown in Figure 7 demonstrate that the Passivity-Fuzzy Logic Control (PFLC), Passivity-based
Control (PBC), sliding mode control (SMC), and vector control (VC) techniques can perfectly separate the two power
components of the stator with excellent performance. In the setpoint tracking test, the controlled variables follow their
reference trajectories precisely, maintaining active and reactive power within limits and achieving zero steady-state
error. Furthermore, Figure 8 shows that the rotor currents on the d and q axes (I:q and I.4), which are associated with
the stator's Qs and Ps respectively, have evolved in line with the reference trajectories with no overshoot.
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Operation at variable wind speed with optimized MPPT control

In this test, the wind turbine operates under variable WS, with an average velocity of 10 m/s. The MPPT strategy is
used to produce Ps, while Qs is maintained at zero to keep the DFIG stator's power factor at unity.

Roted wind Speed‘
| Wind Speed
7’\ /\/\/\ A A M N\ /\/\ A\ (\/y\i

W \/\/\/ ATRAVA

18

o

=

Wind Speed (m/s)
3 ©

©

o

2 2.5 3 3.5 4 4.5 5
Time (S)

Fig.9. Wind speed (V) profile

0

Figure 9 illustrates a wind velocity of about 10 m/s. Below the nominal speed, the WT functions in MPPT mode,
generating optimal power output. When wind speed exceeds the nominal amount, the controller modifies turbine
rotation to maintain a consistent power output between 1.7 s and 3.2 s. Power output is highly sensitive to wind speed
due to its cubic relationship. The negative value of Ps indicates that the DFIG is actively producing electrical power
and feeding it into the grid. Qs was reduced to zero to maintain a consistent power factor, as depicted in Figure 10(b).
The PFLC, IDA-PBC, SMC, and VC controllers exhibited commendable performance, particularly the PFLC, which
demonstrated exceptional transient response and rapid convergence to reference objectives. These solutions
accomplished flawless decoupling of the two stator power components. Ripples were also observed at the Ps and Qs
levels, with these ripples being larger in the case of SMC and smaller in the case of PFLC compared to the other
commands.
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Fig.10. Comparison of DFIG power: (a) Psand (b) {s under variable wind speed conditions.

Robustness Evaluation against DFIG Parameter Variations
After confirming good setpoint tracking, we evaluate the system's robustness against parameter uncertainty by
doubling R and R,, decreasing Ls and L, by 30%, and reducing M to half of its nominal value.
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Figure 11 compares four controllers tested for effectiveness and robustness against parametric uncertainties and
disturbances. The vector control (VC) and Passivity-based control (PBC) showed minor overshoot briefly before
tracking the reference signal. In contrast, the passivity-fuzzy logic controller (PFLC) and sliding mode control (SMC)
had no overshoot and were precise. The PFLC was the most efficient and effective, offering a faster response, quicker
damping of small overshoots, and better adaptation to changing setpoints. Next was the SMC, followed by the PBC and
lastly the VC. The PFLC reduced Qs and Ps ripples more than the other controllers.

Quantitative Robustness Comparison

This assessment is founded on three static error criteria e (Ps and Qs): integrated squared error (ISE), integral
absolute error (IAE), and the time-weighted integral of the absolute error (ITAE). These metrics are employed to
assess the performance of the four controllers and are mathematically defined as follows [29]:

ISE=[, e?(t)dt (49)
IAE=]|e(t)|dt (50)
ITAE =[] tle(t)|dt (51)

To calculate these three criteria, the commands and errors of the controlled variables were used. These calculations
were performed over a 5 s simulation period, employing power setpoints consistent with those defined in the
simulation conditions. A quantitative comparison of robustness is presented in Table 3.

Table 3. Quantitative comparative study based on the time and error between the developed commands.

Commands Developed
Vector Control passivity-based | Sliding Mode | Passivity-Fuzzy
Criterion Control Control Logic Control
1SE=[T e2(t)dt 492.2 4272 418.6 2923
o) T
£ 2| 1aB=[lle(®)ldt 1158 1062 1033 637.6
< & ITAE=f] tle(t)|dt 2.825¢° 2.771¢ 27126 2.635¢°
1SE=[" e2()dt 45322 4475 436.7 3373
2 u .
E 2| 1aB=[Tle(v)ldt 1097 1085 1072 801.2
< O
D 3’ 5 5 5 5
I~ ITAE:fOT tle(t)|dt 3.591e 33%e 3.226¢ 2.928 ¢
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This comparison evaluates the differences in simulation outcomes resulting from variations in generator parameters,
thus highlighting the effectiveness of each control method in calculating ISE, IAE and ITAE. The results in Table 3
reveal that passivity-fuzzy logic control performs best in minimizing the ISE, IAE and ITAE criteria during parameter
changes, followed by sliding mode control, Passivity-based Control and finally vector control.

CONCLUSION

This paper presented a comparative analysis of four control strategies—VC, SMC, IDA-PBC, and PFLC for regulating
active and reactive power in a DFIG-based WECS. While all methods demonstrated good tracking and stability under
nominal conditions, the PFLC showed superior performance in terms of response time, robustness to parameter
variations, and disturbance rejection.

Simulation results confirmed that integrating interval type-2 fuzzy logic with passivity-based control improves power
quality and minimizes steady-state error and overshoot. Quantitative metrics further highlighted the PFLC as the most
effective solution among the tested techniques.

These findings suggest that PFLC is a promising approach for advanced wind turbine control, offering both high
efficiency and enhanced reliability. Future work will focus on experimental validation and further optimization to
ensure readiness for practical deployment in modern renewable energy systems.
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