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Abstract: This paper presents a novel hybrid type-2 fuzzy sliding mode control approach for regulat-
ing active and reactive power exchanged with the utility grid by a doubly-fed induction generator
in a wind energy conversion system. The main objective of this hybridization is to eliminate the
steady-state chattering phenomenon inherent in sliding mode control while improving the transient
delays caused by type-2 fuzzy controllers. In addition, the proposed control approach has proven to
be successful in coping with varying generator parameters and exhibited good reference tracking. An
in-depth comparative study with state-of-the-art advanced control techniques is also the focus of the
present paper. The comparative study has three objectives, namely: a qualitative comparative study
that aims to compare response times and reference tracking capabilities; a quantitative evaluation
that takes into account time-integrated performance criteria; and finally, robustness capabilities.
The simulation results, carried out in the Matlab/Simulink environment, have demonstrated the
effectiveness and best performance of the proposed hybrid type-2 fuzzy sliding mode control with
respect to other advanced techniques included in the comparison study.

Keywords: comparative study; hybrid control; wind energy conversion system; doubly-fed induction
generator

1. Introduction

The worldwide increase in electricity consumption and the limitation and progressive
depletion of fossil resources (0il, gas, coal, etc.), characterized on the one hand by the
emission of carbon dioxide and on the other by the risk posed by the proliferation of
nuclear power stations, have led to the development of more environmentally friendly
renewable energy sources [1-3]. Renewable energies such as solar thermal, photovoltaic,
wind, biomass, and geothermal energy are gaining more and more penetration in the
overall energy production scheme of developed countries as they offer the opportunity
to produce clean electricity. Wind energy has been one of the fastest growing renewable
sources in the last decade because of the benefits it brings. This source is not considered as a
replacement of conventional resources but as a complementary energy source to traditional
energies [4-7].

Despite the presence of the sliding contact system and the larger dimensions, the
majority of installed wind turbines come equipped with a doubly-fed induction machine
(DFIM). This particular technology enables these turbines to function effectively across
a wide range of wind speeds, allowing them to extract the maximum available power
corresponding to each specific speed characteristic. The stator circuit of the DFIM is
directly interconnected with the grid utility, whereas its rotor circuit is connected to the
grid utility through power converters. Due to the relatively low power exchange between
the rotor and the grid utility, the cost of these converters is significantly reduced when
compared to variable-speed wind turbines relying solely on the stator. Consequently, the
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DFIM has become the preferred choice for generating high power in the wind energy
sector [8-10]. The advent of power electronic converters and programmable devices has
played a significant role in improving the energy efficiency of wind turbines. These
technological advances have enabled the implementation of diverse and more efficient
control techniques and the use of appropriate optimization algorithms. As a result, the
integration of these control techniques and algorithms has led to minimal disturbances
in the utility grid while achieving optimal performance and energy optimization of wind
turbines [11-13].

The rest of the paper is structured as follows. In the next section, the different com-
ponent models of the wind energy system are presented. In Section 3, several control
algorithms are developed in order to obtain good performance and quality of the electrical
energy produced by a variable-speed wind energy conversion system, namely: vector
control by means of PI controllers based on the orientation of the stator flux; the second
control is based on type-1 fuzzy controllers to eliminate the inadequacy and impotence
of PI correctors; the third control is based on the adaptation of type-1 fuzzy controllers to
solve parametric variation problems; the fourth control is based on type-2 fuzzy controllers
to improve the tracking qualities; the fifth control concerns sliding mode control based on
the choice of the sliding surface and the convergence condition to create a suitable control
law; and the sixth control is based on the hybridization of sliding mode control and type-1
fuzzy logic to eliminate the main drawback, the chattering phenomenon of the sliding
mode. The last control, hybrid type-2 fuzzy sliding control, is presented in order to improve
tracking qualities and ensure results with less static error. In the last section, we present a
comparative study between the different control laws synthesized in this work in order to
highlight the efficiency and robustness of each of them.

2. Modeling and Controlling Each Component of the Wind System

This section deals with individual modeling of the variable-speed wind energy conver-
sion chain. Firstly, the wind turbine is modeled and the associated controls that maximize
and limit the power generated at low and high wind speeds are investigated. The model
of the DFIG is then presented in the farm reference frame linked to the rotating field. The
two-stage voltage source inverter (VSI) feeding the rotor part of the DFIG is also presented
in this section. In the last part, the DC part, including a controlled AC-DC rectifier and its
control strategy, is modeled.

2.1. Modeling and Control Strategy of the Turbine

In order to match the torque/speed characteristics of the turbine and the generator,
and to improve the conversion efficiency regarding energy efficiency and power quality,
precise modeling and control techniques are needed for different wind speeds [14,15].

The turbine ensures a kinetic energy transformation of wind into mechanical energy.
It is composed of three identical blades, of length R, fixed to a drive shaft connected to a
gearbox having a transformation ratio G. This gearbox is responsible for driving the shaft
of the electric generator. Let the wind speed be V crossing a constant surface S. Then, the
modeling of this turbine is given by the following equations [14-19]:

1

Pr = Spm R V3C,(A, B) (1)
_ O7R7

A=—— (2)

(A +0.1)
185-03(B—2)

The torque of the turbine is then determined as follows:

Cp(A, B) = (0.5 — 0.0167(B — 2))sin { } —0.00184(A —3)(B—2) (3)
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Taking into account the gearbox multiplication effect, its gain is modeled mathemati-
cally by the following equations:

G= 6
CMec ( )
o
G= ar )
Cr _dOy
E_Cg—]W+ng (8)

We will use two control techniques. One control technique aims to optimize the power
harnessed if the wind speed is below the level required to reach the turbine’s rated power.
The other approach is to restrict the generated power to match the nominal power when
encountering strong wind speeds.

2.1.1. Performance Optimized for Lower Wind Speeds

The main focus of the control strategy in this particular zone is to optimize the captured
wind energy. This optimization is achieved by maintaining two vital variables at their
optimal values: the calibration angle, denoted as 8, and the specific speed, denoted as
A. These variables, Bopt and Agpt, respectively, ensure the attainment of the maximum
power coefficient Cpjay. This control technique is referred to as Maximum Power Point
Tracking [18-20].

1 Cp (Aopt
Cropt = §P7TR3TV2 s /Eo:tp ) )
y = QrRr (10)
)\opt
1 Cp (Aopt
Cropt 2an%”§3";’)0% ()
op
CTopt = kothZT (12)
1 Cp(Aopt)
kopt = ~onRE 2P (13)
2 A
Cr
& G [ =0 (14)
Kopt yp fQ,—C, =0 (15)
G T g g
0, = GOr (16)
Conpt = 1012 fQ 17)
gopt = G3 "8 8

2.1.2. Power Limit Control

Within this zone, the aim is to limit the active power produced to its nominal value.
This is achieved by adjusting the pitch angle of the blades, which reduces the power
coefficient and effectively limits the converted power [20,21]. To obtain the reference angle
Bref, the measured (produced) power Py is controlled to follow the reference (nominal)
power Py, using a PI-type controller. Figure 1 shows the simulation results of applying
the two controls to the turbine.
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Figure 1. (a) Mechanical speed; (b) Mechanical power; (c) Power coefficient; (d) Specific speed.

The simulation allowed us to verify the reliability of the two controls. Without speed
control for the low wind speeds observed, the specific speed follows the imposed optimal
reference and the power coefficient follows the desired maximum power coefficient. By
following the pitch control for the high wind speeds we observed, the variation in mechan-
ical speed is adapted to that in the wind, but the blade orientation system strictlylimits
the converted power to its nominal value in order to protect the wind turbine well against
possible overloads.

2.2. DFIG Modeling

The DFIG is characterized as a highly intricate nonlinear system. To effectively control
this type of machine during its various functional states, obtaining an accurate model that
replicates its real behavior is necessary. A classical model of the DFIG in the Park reference
frame is given by the following expressions [22-26]:

d

Vea = Rslsg + % — WsPsq
Lz

Vsqg = Rslsg + = + Ws@sa

d (18)
Vrd = R;'Ird + % - qu)yq
Vig = Relyg + " + 0y
¢sq = Lslsg + MLy
Psqg = lesq + MIrq
(19)
¢ra = Lrlya + Mlgq
Prq = LrIrq + MIsq
The system is represented in the state space formulation described below:
[X] = [a]ix1+ B[] (20)
T
(X] = [@sa ¥sq L L) 1)
T
[U] = [Vsd Vsq Vid qu] (22)
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The constants «, B, and J are defined in the following manner:

. M M 1(1 M2>

= — = — o= —[ — A
oTsLsL, P oLsL, o\ T, + TsL,Lg

2.3. Rotor-Side Converter (RSC) Modeling

Our DFIG-based WECS relies on a static converter to energize the machine’s rotor.
The key objectives of this converter are to supply AC voltage to the rotor windings and
facilitate control of the injected power to the main utility grid at the stator side.

The converter used in this study is a two-stage three-phase inverter [27-29].

The mathematical representation of the RSC is as follows:

Val g2 -1 -1][S
Vel =¢|-1 2 1] S (23)
Ve ~1 -1 2||S;

2.4. Gid-Side Converter (GSC) Modeling and Control

Several topologies in wind energy conversion systems use a controlled PWM rectifier
to ensure DC bus regulation and performa unity power operation [30,31].

The GSC can be divided into three components: the source, the converter, and the
output. The model for the output can be represented by the following equations:

4 [ R0 07Th 1 [Va = Van
|2l =10 —R 0 ||i + 7 [V2= Vi (24)
i3 0 o Rl Vi3 — Ven
Va 2 -1 -1][%
Va _Uely o 4 S, (25)
Ve -1 -1 2||Ss3
I
is = [5152S3] | iz (26)
i3
dUc 1, .
T E(ls—lch) (27)

The GSC can be governed using a cascade control approach, comprising two internal
loops responsible for regulating the phase currents to achieve power factor adjustment,
while an external loop takes care of regulating the output voltage. The voltages and powers
utilized for this cascade control of the GSC in the Park reference frame are given by the
following equations [31,32]:

. di .
{Vpd: Vi — Rig— L9 + Lwi, 28)

. di .
Vpg = Vg — Rig — L5} — Lwiy

The expression for the active and reactive powers are as follows:

Pl 3[vy V, [l
o =3l L @
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We pose:

P, f = Ucmes Ired_re f (30)

Qre f= 0 (31)

3. Active and Reactive Control

In order to have an optimal yield and a satisfactory power quality of the produced
energy by the WECS based on a DFIG, it is essential to employ suitable control techniques.
These techniques should enable precise management and regulation of the generated
powers. Firstly, the active power will be refined to align with the reference available
mechanical power produced at the turbine level, and secondly, in order to uphold a power
factor of unity at the stator side and to ensure a satisfactory power quality, the reactive
power will be regulated to remain at zero. In this paper, we present seven proposed control
strategies to achieve these objectives.

Vector control using PI controllers;

Type-1 fuzzy logic control using type-1 fuzzy controllers;

Type-1 adaptive fuzzy logic control based on type-1 exhaust regulators with adjust-
ment mechanism;

Type-2 fuzzy logic control based on type-2 exhaust regulators;

Sliding mode control;

Hybrid type-1 fuzzy sliding mode control;

Hybrid type-2 fuzzy sliding mode control.

3.1. Active and Reactive Powers Based on Vector Control

This control technique is among the approaches utilized to optimize the quality of
energy produced and injected into the main grid. In this technique, we propose a con-
trol algorithm based on the stator flux orientation that links the magnitudes of the stator
power and the rotor voltages generated by the inverter. These relationships enable inde-
pendent control of the active and reactive powers generated at the stator of the DFIG by
manipulating the rotor voltages [32,33].

The fundamental concept of this control is similar to that of a separate excitation DC
machine. Actually, the active and reactive powers produced at the machine’s stator are
independently controlled. The active power is exclusively contingent on the rotor current
Irg, whereas the reactive power is uniquely influenced by the current Ird [34,35]. Within
this control approach, the machine design ensures that the stator flux in the park frame,
aligned with the g-axis, remains at zero, while for the d-axis, it maintains a constant value
with minimal influence from the stator resistance Rs. These equations can be simplified as
follows [34,35]:

Vsa =0
Vsq = Vs = wss.

d 32
Vrd = RTIT’d + ‘% — qu)yq ( )
Vig = Rl + 7 + 0,0,

Psd = Ps = Lslsg + Mlyg
0= lesq + MIrq
(33)

@rd = Lelg + Mgy

Prq = Lrqu + Mlsq
The following equations relate the stator powers to the rotor currents:

{ P, =Y%M,

Qs = w:Ls - %L’d
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L
I”‘i == VSZSVI Ps 35
A (35)
rd = w,M VoM Qs

The expressions below represent the control voltages obtained, which drive the rotor:

V= [Rr n (L, - Afi)s} Ly — guws (L, - Af{)qu
(36)

o= [ (1= 2]y o 1 )

Figure 2 illustrates a block diagram of vector control:

Concordla

arctan (_) Matrix

—

DFIG

w
A -
| turbine I

Figure 2. Block diagram illustrating the vector control structure.

3.2. Active and Reactive Powers Based on Type-1 Fuzzy Logic Control

This control technique is an attractive solution for achieving high performance in a
variable-speed WECS based on a DFIG. This nonlinear control approach serves to elevate
the caliber of the generated energy. In order to achieve this objective, we will utilize the
framework of vector control while substituting the conventional PI regulators with type-1
fuzzy regulators. The input variables for the current loop are as follows:

The current error:

e =171y (37)
=1 -1, (38)
The current error derivative:
Aep = ej(k) —er(k—1) (39)
Aey = ep(k) —ex(k—1) (40)

Most fuzzy controllers designed for simple single-variable systems consist of the
inputs to the fuzzy controller, which are generally the error (the difference between the
setpoint and the process output) and its variation (translation of the system dynamics). The
majority of controllers developed use the simple scheme proposed by Mamdani [36-38].

We have chosen triangular shapes with trapezoidal sides for the membership functions
of the fuzzification block, representing the error and its variation, and we have chosen
triangular shapes for the membership functions of the defuzzification block, representing
the change in the control. Table 1 presents the aggregation of inference rules employed to
ascertain the control variable for the current parameter.
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Table 1. Tabulation of the decision rules used by the type-1 fuzzy controller.
Error

The Control

NB NM NS ZR PS PM PB
5 NB NB NB NB NB ZR ZR ZR
=
is NM NB NB NM NM ZR ZR ZR
© NS NB NB NS NS PS PS PM
%D ZR NB NM NS ZR PS PM PB
é PS NM NS NS PS PS PB PB
g PM ZR ZR ZR PM PM PB PB
& PB ZR ZR ZR PB PB PB PB

Figure 3 illustrates a block diagram of the type-1 fuzzy logic controller.

)
Concordia

Matrix

| turbine

Figure 3. Block diagram illustrating the structure of a type-1 fuzzy logic controller.

3.3. Active and Reactive Powers Based on Adaptive Type-1 Fuzzy Logic Control

In the field of nonlinear system control, research activities continue to focus on controls
based on fuzzy controllers. However, it has become apparent that these controls do not
always produce optimal results, especially in the case of nonlinear systems with variable
structures. To overcome this problem, controls were developed by adapting the regulators
used in these controls for automatic adjustment with the parametric variation of the
controlled systems. This innovative approach aims to significantly improve the efficiency
of controls applied in variable and complex environments [39,40].

A fuzzy regulator is considered adaptive when it can adjust the error gains and their
derivative, or the control gain, in response to parametric variations in the controlled system
over time. In this adaptive controller, our main objective is to achieve real-time adaptation
of the control gain using an appropriate adjustment mechanism. This approach aims to
significantly improve the control performance of our system, particularly when parameter
variations occur [40-42].

3.4. Active and Reactive Powers Based on Type-2 Fuzzy Logic Control

To improve the performance of our wind power conversion system, we developed a
new control technique based on type-2 fuzzy controllers to improve the tracking qualities
and still ensure the robustness of our system. This control allows us to keep instantaneous
independent control of the active and reactive powers generated by the DFIG in a WECS.
To apply this control to our system, we used the same structure of type-1 fuzzy logic control
with a change of type-1 fuzzy controllers totype-2 fuzzy controllers [43].
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Figure 4 illustrates a block diagram of the type-2 fuzzy logic controller.

Vs

)
Concordia

Matrix

ZZEE
Park Inv || Inv V DFIG
6, -6) [1pwM /\&
>
w|

| turbine I

Figure 4. Block diagram illustrating the structure of a type-2 fuzzy logic controller.

In terms of the form of the membership functions in the fuzzification block, we opted
for three Gaussian fuzzy sets to represent the error and its variation. Additionally, for the
defuzzification block representing the order variation, we chose five Gaussian fuzzy sets.
Table 2 illustrates the compilation of inference rules used to determine the control variable
for the current parameter.

Table 2. Tabulation of the decision rules used by the type-2 fuzzy controller.

Error
The Control
N ZR P
- o = N NB NS PS
[SIYs) 8
.."é =] ZR NB ZR PB
Mgy
MO9S P NS PS PB

3.5. Active and Reactive Powers Based on Sliding Mode Control

The two main drawbacks of vector control are its unsuitability for systems with
variable structures and the weakness of classical correctors, which often give less powerful
results. To eliminate these drawbacks, we developed a control system that solves these
problems by guaranteeing results with less static error, a firm and fast response, and a
stable and robust control system. This method is called “sliding mode control” (SMC)
and is known for its robustness and simplicity. The primary objective of this control is to
achieve independent control of both active and reactive powers generated by a DFIG in a
WECS [44].

The basic concept behind this control technique is to drive and maintain the system
dynamics (state) within a carefully chosen region, known as the slip plane. A control law is
then developed to ensure that the system remains within this region at all times [45-47].
Therefore, the relationships between the stator powers and the rotor currents can be
expressed as follows:

ref V.M qref
Bor= =1 Iy 41
ref V2 VeM Iref (41)
S 7 wsLg Ls “rd
I,ref _ 7VLISVI Psref
{I"ff Do T e (42)
rd — wsM VoM =5
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The derivatives of the reference and measured rotor currents are given by:
ref . L ref
7‘1 - VSM (43)
Iref _ L ref
d T T VM <
g — (Vig—Ry Loy + gwsLyoly ) =
7t = (Via—Re Ly + gwsLyo L) Lo
(44)
dl MV,
= (qu_RrIrq —gws Lyoly — gws wsLZ> ﬁ

The relationship between the active power and the rotor current along the g-axis is
directly proportional, whereas the reactive power is also proportional to the rotor current
along the d-axis. The equations representing the active and reactive power control surfaces
are outlined below:

s(P) = (1 — 1y)

S(Q):(:;f_ rd)

In order to achieve convergence of the selected variables to their reference values, it is
essential that both sliding surfaces reach a value of zero, expressed as follows:

(45)

{ (Py=0_ % Iﬁf Ig) =0 (46)
@ =071 (1)~

When the convergence conditions are satisfied, the active and reactive powers exhibit
exponential convergence towards their respective reference values. To track and maintain
these values, it is adequate to ensure that the sliding surface becomes attractive and
invariant.

The SMC is realized provided that the Lyaponov attractivity relation is less than zero;
that is to say:

S(X)3(X) <0 @)

3.5.1. Control of the Active Power

The formulation of the control surface and its derivative for the regulation of active
power can be expressed as follows:

s(P) = (ﬂef - I,q) (48)
s(P) = (I:Zf _Lq) (49)

Replacing the derivatives of the reference and measured rotor currents by their relative
expressions gives:

) Ls .ref 1 MYV,

S(P) = (—M:/S PS — m (qu—RrIVq — 8&Ws Lro'lrd -8 Lss>> (50)
) L . ref 1 1 MYV.
S(P) = (_M‘S/s Ps — mvrq - m (—errq — 8Ws L?'UIrd -8 Lss)> (51)
s(P) = —vysgn(s(P)) (52)
Lg -ref 1 1 MVs\ _
B v = o (Reby - g Lty — g1 ) < —osgn(s(r) @9
LsL,o MVs

Vig=— Zsor0 P ref + Ry lyg + gws Lol +g7 + Lyovisgn(s(P)) (54)
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ref
ququui = SLrU P + R"L’ﬂ +gwsLyolyg + gMVS

(55)
qu—uttr = Lr“’lsg”(s(P))

3.5.2. Control of the Reactive Power

The formulation of the control surface and its derivative for the regulation of reactive
power can be expressed as follows:

s(Q) = (1 — 1a) (56)
Q)= (I’Zf —Ld) 7)

Replacing the derivatives of the reference and measured rotor currents by their relative
expressions gives:

. Vs Lg -ref 1

5@ = (it~ v @) = o VRt + ekt ) (58)

. V. Ls -ref 1 1
40 = (ot~ @) ~ LoV~ Lo (Rt gulaly)) 69
$(Q) = —uasgn(s(Q)) (60)

V Ly -ref 1 1
(wszsw A > LoVt~ T (TRl + gwslyoly) = —vasgn(s(Q))  (61)
Vs .

Via = Lr‘7< WM Vs > + Ry lyg — gwsLyolyg + Lyovy sgn(s(Q )) (62)

v @ LyY
Vrdequi = L,o WM VSMQ + Ry Ly — gwerUI,q
(63)

Vid—attr = LrUUZSgn(S(Q ))

Equations (55) and (63) allow the establishment of an SMC block diagram applied to a
DFIG, as shown in Figure 5.

’ Concordza
Pgrep | ZLs |Irqrer arctan (_) Matrix
MV 1% . s

Vatq

Sliding
Irq.mes — mode eqq Park Inv I Inv DFIG
I control f\
rd.mes =P
W
P turbine

Figure 5. Block diagram illustratingthe sliding mode control structure.
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3.6. Active and Reactive Powers Based on Hybrid Type-1 Fuzzy Sliding Mode Control

This control is an attractive solution to improve the performance of our system and
eliminate the major drawback of the previous control, which is the chattering phenomenon
produced by the equivalent part. For this purpose, we developed a hybrid control that
solves this problem by ensuring high performance results of our variable-speed WECS
based on a DFIG. This method is called “hybrid type-1 fuzzy sliding mode control.”

For application of this control to our system, we used the same structure of SMC with a
change of the function ‘sgn’ totype-1 fuzzy controllers of the same type (i.e., Mamdani-type
controller with seven classes), which had the same membership functions as the controllers
already used for the previous type-1 fuzzy control. The difference lay in the normalization
gains (scale factors).

Figure 6 illustrates a block diagram of hybrid type-1 fuzzy sliding mode control.

type-1 fuzzy
Iq.
rq.mes N
v .
Psrer M.V |=—— v1.S (P)) = “ )
* Vatg| 2
ZEE
I qmes =] Ve‘m Vig| Park Inv Inv DFIG
Egquivalent PWM
Lrames—»  commands |Veqa Via| (@ —0) H |
Vatd +
= W
Q I Park
sref V3. S, (Q )) rq.mes (6 _ 9)
I h S
Idmes —
Q: l < turbine
type-1 fuzzy S

Figure 6. Block diagram of hybrid type-1 fuzzy sliding mode control.

3.7. Active and Reactive Powers Based on Hybrid Type-2 Fuzzy Sliding Mode Control

Currently, hybrid control is considered of great importance in the field of control of
WECS. The interest in this control is to improve the performance of the results obtained
by the previous control hybrid type-1 fuzzy sliding mode, which ensures results with less
static error, a fixed and fast response, and always eliminates the disadvantage of control by
sliding mode, that is, the phenomenon of chattering produced by the equivalent part.

For application of this control to our system, we used the same structure of hybrid
type-1 fuzzy sliding mode control with the replacement of type-1 fuzzy controllers by
type-2 fuzzy controllers. The membership functions for (¢), (Ae), and (Au) and the rule table
in the case of hybrid type-2 fuzzy sliding mode control remained exactly the same as the
type-2 fuzzy control. The application of this control was always to control the active and
reactive powers generated by our system.

Figure 7 illustrates a block diagram of hybrid type-2 fuzzy sliding mode control.
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Figure 7. Block diagram of hybrid type-2 fuzzy sliding mode control.

4. Comparative Study between the Developed Controls

In order to evaluate the different control laws developed for our WECS, we performed
a comparative analysis of these different techniques. Three basic approaches were used:
qualitative, quantitative, and robustness.

4.1. Qualitative Comparisons

This comparative analysis was based on the examination of simulation outcomes
derived from implementing diverse control techniques specifically designed for our system.
The evaluation encompassed scenarios with both fixed and variable speeds, allowing us to
draw meaningful conclusions.

4.1.1. Qualitative Comparisons for Constant Speed

Figure 2 shows the results of the simulation of the seven controls with a zoom in on
the transient points and the setpoint variation for the generator driven at a constant speed
of 1440 rpm and subjected to a negative active power step (—3000 W) during the time
intervals t =1 s to t = 3 s. In addition, a positive reactive power step (+1000 VAR) is applied
between the time intervals t=2sand t =4s.

Looking at the simulation results shown in Figure 8, it can be seen that the active and
reactive powers are in line with their new reference values for all of the control techniques
implemented. However, there are differences in terms of oscillations of the controlled
quantities, response time, overshoot, exponential convergence of errors during transient
operation, and adaptation to changing setpoints. Among the control methods used, hybrid
type-2 fuzzy sliding mode control (H2FLSM.C) has the most favorable values in these
aspects, making it the most efficient and effective control approach. It is closely followed
by hybrid type-1 fuzzy sliding mode control (H1FLSM.C), sliding mode control (SM.C),
type-2 fuzzy logic control (2FL.C), adaptive type-1 fuzzy logic control (A1FL.C), type-1
fuzzy logic control (1FL.C), and finally vector control (V.C).
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Figure 8. Active and reactive stator powers for the seven controls with a zoom.

4.1.2. Qualitative Comparisons for Variable Speed

In reality, the generator is directly connected to the grid via the stator, without a
converter, and it is controlled via the rotor supply while being driven by a turbine. The
reference active power is calculated from the mechanical power produced by the turbine.
At the same time, the reference reactive power is controlled to remain at zero, ensuring a
unity power factor on the stator side of the DFIG. The simulation runs for a period of 50 s.
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Figure 9 shows the simulation results of DC bus voltage, current with main voltage, and
the active and reactive stator powers with a zoom.

; — Phase wltage (Actual/10)
— Actual phase current (la)
— Desired phase current (la)

5
=]

age (V)

2
R

The DC-link volta

| |
R

| |
ol oL L

| |
[ A A

R
L it it el

| |
PF-—-+-—+-=

|

L__

| |

| |

[ 1

|

] ‘
‘ FE ]

g5
Voltage-Courant(V-A

| |

| |

1 1 . 1

3 35 4 45 5 0 0.05 0.1 0.15 02 0.25 03

P-actual(W)
Q-actual(Var)
Q-desired
P-desired

Transient
8000 T T T

6000 — — — - == = - - === — R —
T O

W

ﬂzf iTH ) 4

4000 W

2000

Stator active and reactive powers

-2000

I I | ™ B
o 0.02 0.04 0.06 0.08 0.1 0.12  0.14 0.16  0.18 0.2
Time(s) Time(s)

(0)

Figure 9. (a) DC bus voltage—(b) Current with main voltage—(c) Active and reactive stator powers
with a zoom.

We noticed that the DC voltage follows the shape of the imposed reference voltage.
Moreover, the line currents perfectly follow the shape of the reference currents, which have
sinusoidal forms, and which are in phase position with respect to the line voltage. The
results obtained demonstrate the efficiency and robustness of the current control in the
(d,q) frame of the GSC for harmonic reduction and power factor improvement.

The oscillation generated by the inverter makes it impossible to distinguish between
the controls designed for transient and steady states. The simulation results show that the
controlled variables converge to their reference values regardless of the type of control
used. The response times and overshoots are almost identical for all controllers. As a result,
only one result is shown from the different controllers developed.

4.2. Quantitative Comparisons

This evaluation relies on quantifiable simulation results achieved by implementing
various control techniques developed for our system (in numbers). For this purpose, we
present two quantitative comparisons used in major research works.

4.2.1. Static and Energetic Quantitative Comparison

This evaluation is centered on two factors: the energetic factor J; and the static factor
J2. The former is influenced by the applied control command, while the latter is determined
by the resulting error. The energetic criterion J; and the precision criterion J, are defined

as follows: .
P
= Ezkzl (uT u) (64)

=y () (65)

Both criteria are calculated for a simulation time of 5 s and power setpoints equal
to those given in the simulation conditions. Table 3 illustrates the quantitative static and
energetic comparison between the commands developed.
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Table 3. Quantitative static and energetic comparison between the commands developed.

Commands Developed

Hybrid Hybrid
L g Adaptive g ‘s Type-1 Type-2
G-C Criterion Vector Type-1 . Type-1 fuzzy Type-2 . Sliding Fuzzy Fuzzy
Fuzzy Logic . Fuzzy Logic Mode ‘s . 1
Control Control Logic Control Control Sliding Sliding
Control Mode Mode
Control Control
=
" 1 E (T u) 26850 x 10 3.1687 x 107  3.1969 x 107  3.5467 x 107  3.2309 x 108  3.4647 x 108  3.3223 x 108
ST =
T2
< g L=
1 £ (e ) 29272 x 10°  1.1069 x 10*  7.3133 x 10>  3.3759 x 10°  2.8646 x 10°  1.3514 x 10° 357.7783
2k=1
=
o 1 £ (uT ) 1.3088 x 108 1.8071 x 107  1.8296 x 107  2.1454 x 107  1.7584 x 108  1.9733 x 108  1.8387 x 108
” 1
B g 2o
Q
§ g, Jo =
1 f (e ) 29965 x 105 1.0220 x 10*  7.1361 x 103 3.0513 x 10°  2.8046 x 10>  2.5990 x 103  1.9442 x 10°
2
k=1

The tabulated simulation results clearly show that type-1 fuzzy logic control has
superior performance in terms of minimizing the energy factor. It gives the lowest values
of J1 (J1 = 3.1687 x 107) for active power and J; (J; = 1.8071 x 107) for reactive power,
followed by adaptive type-1 fuzzy control, type-2 fuzzy control, vector control, sliding
mode control, hybrid type-2 fuzzy sliding mode control, and hybrid type-1 fuzzy sliding
mode control. However, when it comes to the second accuracy criterion, hybrid type-2
fuzzy sliding mode control outperforms the others by minimizing the static criterion. It
achieves the lowest values of |, (J, = 357.7783) for active power and J, (J, = 1.9442 x 10%)
for reactive power, followed in order by hybrid type-1 fuzzy sliding mode control, sliding
mode control, type-2 fuzzy logic control, type-1 fuzzy logic adaptive control, type-1 fuzzy
logic control, and vector control.

4.2.2. Static and Energetic Quantitative Comparison
This test is based on three criteria, which are determined mathematically as follows:

e  The integral of the squared error (ISE):
T
o ISE = /ez(t)dt
0
e  The integral of the absolute value of the error (IAE):
T
o IAE = / le(t)|dt
0
e  The integral of the time multiplied by the absolute value of the error (ITAE):
T
o ITAE — / Ele(t)|dt
0

The criteria are always calculated for a simulation time of T's = 5 s and power settings
equal to those given in the simulation conditions.

The results presented in Table 4 show that hybrid type-2 fuzzy sliding mode control is
the best performer in terms of minimizing the criteria ISE, IAE, and ITAE and gives us the
lowest values for both active and reactive powers, followed respectively by hybrid type-1



Energies 2024, 17, 3778

18 of 25

fuzzy sliding mode control, sliding mode control, type-2 fuzzy logic control, adaptive
type-1 fuzzy logic control, type-1 fuzzy logic control, and vector control. Table 4 illustrates
the quantitative comparisons based on error and time between the developed commands.

Table 4. Quantitative comparisons based on error and time between the developed commands.

Commands Developed for the Considered System

Hybrid Hybrid
L. g Adaptive ~ . qs Type-1 Type-2
G-C Criterion Vector F Type-1 . Type-1 Type-2 . Sliding Fuzzy Fuzzy
uzzy Logic . Fuzzy Logic Mode < 1 . 1
Control Control Fuzzy Logic Control Control Sliding Sliding
Control Mode Mode
Control Control
ISE =
}gz(t)dt 52800 x 10°  1.9966 x 10°  1.3192 x 10°  6.0894 x 10*  5.1672 x 10°  2.4376 x 10° 108.3537
@ 0
2 [AE =
2. fT le(t)|dt 355.1058 233.7645 189.8402 79.8598 54.5448 14.3233 5.2143
E 0
< ITAE =
fT Lle(t)|dt 119.8623 105.1780 91.8022 70.5010 62.9432 5.3504 1.6064
0
ISE =
}ez £)dt 54048 x 10°  1.8417 x 10°  1.2854 x 10° 54855 x 10*  5.0404 x 10°  4.6695 x 10°  1.4560 x 10°
4 0
2]
z IAE =
= fT le(#)|dt 352.7023 209.1887 168.1819 123.3174 39.1026 25.5648 17.1280
=
5 0
é ITAE =
109.5859 107.3740 100.1991 54.9537 28.5402 8.6802 1.0077

T
[ tle(t)|at
0

4.3. Robustness Comparisons

Finally, we assessed the robustness of the developed controls by investigating the
effect of parametric variations in the DFIG on their performance. It is important to note
that, in real systems, these parameters naturally vary due to various physical phenomena,
such as inductance saturation and resistance heating. In this particular test, we deliberately
varied the following parameters to measure their influence:

The stator and rotor resistances, Rs and Rr, were doubled; the stator and rotor in-
ductances, Ls, Lr, and Msr, were halved; the machine was driven at 1440 rpm; and the
parameter changes were implemented at time T =1.5s.

The normal state model of the DFIG represented by Equation (20) can be written in
matrix form as follows:

[X] = ([A1)+[A2)w,+[A3]w,) [X] + B (U]

With: ; t
[X] = [(Psd Psq Trd i”ﬂ] U] = [USd Usq  Urd Urq] ’
2 0 M oo 0 1 00 0 0 0 0
o @ o0 M| 1 0 00 ,n_|0 0 0 0f
Al=1 F s G0 g0 of/M1=]0 5 0 1|
0 & 0 —s B0 00 -8 0 -10
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1 0 0 0

[B] 0 1 0 0
= 1

B0 & o

0 - 0 UlL,

To apply the robustness test, the state model is decomposed as follows:

[X} = (Tl[All] +a[A12] + Y [A13] + 5[ A14]+([A21] + B[A22))w,+(B[A31] + [A32])wr> X]
+([B1] + BIB2) + 5} [B3] ) (U]
T 0% 0
-1 M 0 —1 0 M
Al] = 2 [A11] + a[A12] + 2 [A13] + 5[A14] = T, T,
A1) = ) ¢ agan) + Mg oy = | 0T 0
0 &« 0 =6
1.0 00 0000 0010 00 0 0
~1]0 -1 0 0 000 o0 Mlooo1 00 0 0
AT=210 0 ool"™1 000/ T|o oo o oo -1 o
0 0 00 0100 0000 00 0 -1
0 1 00] [0 100 [0 0 0 0
1 0 00 |-100 0 0 0 00
(A2 =[AA]+BIA22] =1 " 5 g ol =0 00 o TPlo -1 0 0
5 0 o0 o oo0oo |1 0o oo
[0 0 0 0 0 000 [00 0 O
0 0 0 0 0 000 |00 0 O
(A3 =plASI+[AR2] =1 o 5 o 1| =Plo 100/ T|o0 0 1
B0 -1 0 1000 oo -1 0
1 0 0 0]
o 1 0 o0
8] = [B1] + p[B2] + N
oL, 1
- 0 7
1000 0 0 00 0000
0100 0o 0 00/ 1100000
Bl=1o 00 0o/ *P|-1 0 o0 ol Tonlo 01 0
0000 0 -1 00 0001

In this comparison, we represented the difference between the results of simulations
at the point of parametric changes of the generator to obtain the robustness of the proposed
commands. This difference is represented either qualitatively or quantitatively.

4.3.1. Qualitative Robustness Comparison

The basis of this comparison lies in the careful observation and analysis of simulation
results at the moment when the generator’s parameters are varied (Figure 10).
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Stator active power(W)

Stator active power(W)  Stator active power(W) Stator active power(W)

Stator active power(W)

Stator active power(W)

Desired
Actual

1.5

4 45 5

-2900

2950 — — — 4 — — —+ — — — 4

-3000

Parametric variation

Hﬂrm‘m

-3050 —

-3100

Ty
h‘

- — — L -
|
1

1.4

1.6

1000 . .
\ |
0 T

-1000 —

-2000 —

-3000 —

|
-—-r-- Desired
| ctual

-4000
0

N4+ -1—
|
|

35 4 4.5 5

-2900

-2950 —

-3000

-3050 —

Error(W)

50—

()

N

1
1.5

Tim

(s)

-2900

-2950 -

Parametric variation
T T

-

-3000

-3050 —

-3100

50

1.4




Energies 2024, 17, 3778

21 of 25

tator reactive power(Var)

P

3

o

Stator reactive power(Var,
&

J
2 4000 - T
=
1] |
H |
8 2000 Sl
2 |
=
5 ol N AN L !
3 | | | | i :
Desired = | | | | | Desired
| | | | Actual S . | . | . Actual
© -2000
25 3 35 4 45 5 5 0 0.5 1 1.5 2 25 3 35 4 4.5 5
. ime(s) N = o Time(s) o
Parametric variation s,__Parametric variation S | 4.__Parametric variation o,___Parametric variation
T T T T > T T T T
‘g) | | | |
| | = |
o = ik
8 s%-—-——-r—-———7-———9 & O \f
B o s e l
2 Nl | S | |
B 1Al £ sob L ___1___/|
g ° TUTvy b | |
<] | Desired | |
% 50 L Actual 100 L L
Py 1.4 1.6 1.8 2 1.4 16 1.8 2
w Time(s) Time(s)

= =
t 9
= 3000 : : : : - = 3000 : : ; :
5 | -y b N\ | oy
2000 —+ - 20001~ — — I— —| —+ - — —
g | ATFL. | | g | | | | |
2 1000 . T —— - — 2 1000 | ] . | L]
5 | | | | B | | | |
g R g R T
e ° I I I 2 ° ! ! !
2 1000 I I I I I 2 1000 I I I I I
5 0 0.5 1 15 2 25 3 35 4 4.5 5 ﬁ 0 0.5 1 1.5 2 25 3 3.5 4 45 5
= Time(s) = Time(s)
) . P . PR ) . PR . P
g 100 Parametric variation 50 Parametric variation ‘>" 100 Parametric variation Parametric variation
g | | | | ?‘;” | | | |
| | | | | | | |
I} = 3 =
Q S0 - --1 ’T””K; 0 VAUW"V T Q 50— - -1 T””S ogﬁfWW‘WWT;
4 | | = | | Q | | = | |
= o B [
3} IManab £ Lo _L___1___ 3] E gl L ___ Lt ___]
g o kkka 5 % . T g ° p il i |
2 | Desired | | 2 | Desired | |
% 50 | Actual 100 | | % 0 | Actual 00 | |
5 1.4 16 1.8 2 1.4 1.6 1.8 2 ﬁ 1.4 1.6 1.8 1.4 1.6 1.8 2
Time(s) Time(s) Time(s) Time(s)

N
<]
3
3

2 a
g8 g
3 3

@
3
3

N
=]
S
3

Desired
Actual

Desired
Actual

1000

o

Stator reactive power(Var)

-1000
0

Stator reactive power(Var) Stator reactive power(Var)

3
S

Parametric variation

4.5 5
Parametric variation = : .
100 arametric variatio I Parametric variation
| | | | < 1o ' "
© | | = | | 2
-7 T 1 ® TWnNfrm———F o
> a 50 ;
| | = | | o ‘
o o | e L __v___1r___] = |
| [im} | | S o Mo B B0 — — — - — — -~ — — — 1
| Desired | | 8 | | |
| Actual | | .y | | |
-50 -100 S | Actual | |
1.4 1.6 1.8 2 1.4 16 1.8 2 “a '5%‘4 16 8 40%‘4 16 18 2
Time(s Time(s n T ’ ’ T ’
) ®) Time(s) Time(s)
2000 T 7 T T y
| Desired
1500~ — — — — H2F1.SM Actual
1000} — —!— DR I
| | | | |
500~ — —|— — | i A e e e
o ! ™ e !
| | A4 | | I |
500 I | | | ! | I | I
0.5 1 1.5 2 25 3 35 4 4.5 5
Time(s)

@
3

o

T

|
|
-
|
|
|
|
1

| |
Desired | |
Actual L L

@
3

1.6

Stator reactive power(Var) Stator reactive power(Var)
a

1.8

Time(s)

2

Figure 10. Stator active power—stator reactive power—error for the seven controls with zoom.

Hybrid type-2 fuzzy sliding mode control is the most effective control, with almost
smooth power curves at the points of parametric variation of the DFIG, followed by hybrid
type-1 fuzzy sliding mode control, which gives us a low ripple, followed respectively by
fuzzy type-2, fuzzy type-1 adaptive, and fuzzy type-1 sliding mode controls, and finally
vector control, which gives us a remarkable ripple, exceeding the ripple generated by
the other controls. This comparison relies on observing the simulation results generated
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by executing seven commands on our system at the same time, on the same figure, at
the transient point, the setpoint variation, and the parametric variation of the machine.
Figure 11 shows the simulation results of active and reactive stator powers for the seven
controls in a single zoomed view.
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Figure 11. Active and reactive stator powers for the seven controls in a single zoomed view.

Drawing from the simulation findings, it can be observed that the active and reactive
powers for all seven types of control consistently follow their new references. However,
it is evident that hybrid type-2 fuzzy sliding mode control outperforms the other control
methods in terms of effectiveness and performance, with almost smooth power curves at
the points of parametric variation of the machine.

4.3.2. Quantitative Robustness Comparison

This comparison is based on the differences in the figures between the results of
simulations at the point of parametric variations of the generator, with the parameter change
at time 1.5 s, which serves to emphasize the efficacy of each control method concerning the
computation of ISE, IAE, and ITAE, which are calculated in the interval [1.5 s, 2 s].

The results presented in Table 5 clearly show that hybrid type-2 fuzzy sliding mode
control is the best performing control from the point of view of minimizing the ISE, IAE,
and ITAE criteria for the moment when the generator parameters are varied, followed
respectively by hybrid type-1 fuzzy sliding mode control, fuzzy type-2, adaptive fuzzy
type-1, and fuzzy type-1 sliding mode controls, and finally vector control. Table 5 illustrates
the quantitative comparisons based on error and time between the developed commands
at the point of parametric variation.

Table 5. Quantitative comparisons based on error and time between the developed commands at the
point of parametric variation.

G-C

Criterion

Commands Developed

Type-1 Adaptive

Vector
Control

Fuzzy
Logic
Control

Type-1
Fuzzy Logic
Control

Type-2
Fuzzy Logic
Control

Sliding
Mode
Control

Hybrid Type-1
Fuzzy Sliding
Mode Control

Hybrid Type-2
Fuzzy Sliding
Mode Control

Active powers

T
ISE = [ ¢%(t)dt
0

112.7591

17.0626

11.9690

0.7576

20.6776

0.5035

0.0845

T
IAE = [ |e(t)|dt
0

3.3284

1.4774

1.2289

0.3525

3.1908

0.1169

0.1034

T
ITAE = [ t.|e(t)|dt
0

5.2444

2.3488

1.9519

0.5636

5.1813

0.1838

0.1637
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Table 5. Cont.

Commands Developed

G-C Criterion Vector ]I:-}:ll;‘;;,l A_}i;g:ze . Type-2 ] Sliding  Hybrid T'yge-l Hybrid T.ype-z
Control Logic Fuzzy Logic uzzy Logic Mode Fuzzy Sliding  Fuzzy Sliding
Control Control Control Control  Mode Control =~ Mode Control
% ISE = } e(t)dt 83.7299 11.2836 7.1759 4.7055 2.9123 0.2234 0.0096
0
g IAE = [ |e(t)|dt 3.0867 1.2478 0.9891 0.8836 1.1530 0.1765 0.0369
: ;
~ ITAE = [ t.|e(t)|dt 4.8796 1.9873 1.5740 1.4143 2.0152 0.2804 0.0585
0
5. Conclusions
This article introduces a comparative analysis involvingseven control techniques
applied to a WECS, aiming to evaluate their efficiency and performance in the existence or
nonexistence of parametric and setpoint variations. The study focuses on three key criteria
encompassing both transient and steady-state operation. To conduct this analysis, the
system components were accurately modeled, and subsequently, seven control techniques
were developed. These techniques aimed to achieve accurate and continuous control of
the generated stator power while ensuring stability, rapid tracking, and minimal static
error. The obtained results clearly demonstrate that hybrid type-2 fuzzy sliding control
outperforms the other control methods, establishing itself as the best performing and most
efficient choice for the considered WECS.
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