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Abstract: This paper introduces a robust system designed to effectively manage and enhance the
electrical output of a Wind Energy Conversion System (WECS) using a Cascaded Doubly Fed
Induction Generator (CDFIG) connected to a power grid. The solution that was investigated is the use
of a CDFIG that is based on a variable-speed wind power conversion chain. It comprises the electrical
and mechanical connection of two DFIGs through their rotors. The originality of this paper lies in the
innovative application of a fuzzy logic controller (FLC) in combination with a CDFIG for a WECS. To
demonstrate that this novel configuration enhances control precision and performance in WECSs,
we conducted a comparison of three different controllers: a proportional-integral (PI) controller, a
fractional PID (FPID) controller, and a fuzzy logic controller (FLC). The results highlight the potential
of the proposed system in optimizing power generation and improving overall system stability. It
turns out that, according to the first results, the FLC performed optimally in terms of tracking and
rejecting disturbances. In terms of peak overshoot for power and torque, the findings indicate that
the proposed FLC-based technique (3.8639% and 6.9401%) outperforms that of the FOPID (11.2458%
and 10.9654%) and PI controllers (11.4219% and 11.0712%), respectively. These results demonstrate
the superior performance of the FLC in reducing overshoot, providing better control stability for both
power and torque. In terms of rise time, the findings show that all controllers perform similarly for
both power and torque. However, the FLC demonstrates superior performance with a rise time of
0.0016 s for both power and torque, compared to the FOPID (1.9999 s and 1.9999 s) and PI (0.0250 s
and 0.0247 s) controllers. This highlights the FLC’s enhanced responsiveness in controlling power
and torque. In terms of settling time, all three controllers have almost the same performance of 1.9999.
An examination of total harmonic distortion (THD) was also employed to validate the superiority
of the FLC. In terms of power quality, the findings prove that a WECS based on an FLC (0.93%) has
a smaller total harmonic distortion (THD) compared to that of the FOPID (1.21%) and PI (1.51%)
controllers. This system solves the problem by removing the requirement for sliding ring-brush
contact. Through the utilization of the MATLAB/Simulink environment, the effectiveness of this
control and energy management approach was evaluated, thereby demonstrating its capacity to fulfill
the objectives that were set.

Keywords: wind energy conversion system (WECS); cascaded doubly fed induction generator
(CDFIG); fractional-order PID controller (FPID); fuzzy logic controller (FLC)
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1. Introduction

The production of Wind Energy Conversion Systems (WECSs) reduces reliance on
fossil fuels, leading to decreased greenhouse gas emissions and minimizing negative envi-
ronmental impacts. By effectively harnessing natural wind resources, WECSs contribute to
long-term energy sustainability and help mitigate climate change [1,2]. Additionally, their
ability to operate in grid-connected systems makes them a highly viable option for sus-
tainable energy transitions globally, positioning WECSs as one of the best choices for clean
energy generation [2]. Several countries, including China, have expressed strong interest in
harnessing clean and renewable energy sources, as these technologies can play a critical
role in supporting China’s energy transition and can be used for the aim of contributing
significantly to China’s goals of reaching the carbon peak by 2030 and achieving carbon
neutrality by 2060 [3].

The introduction of renewable energies, namely wind energy, into the power grid poses
significant difficulties in terms of management and optimization. Wind Energy Conversion
Systems (WECSs) are challenging to manage because they are subject to uncertainties
and variables caused by changing weather conditions [4-8]. Power control is crucial for
effectively integrating WECSs into smart and traditional grids, ensuring stability, reliability,
and optimal electrical energy utilization. Due to the unpredictable characteristics of wind, it
is crucial to control the energy generation of wind turbines in order to ensure constant and
effective incorporation into the electrical grid. Modern power control techniques prioritize
the optimization of energy generation while reducing disruptions in the electrical grid, such
as fluctuations in frequency and voltage [9-11]. Recent approaches involve the utilization
of sophisticated techniques like fuzzy logic, predictive controllers, and machine learning
algorithms to improve the robustness and effectiveness of power control. These strategies
enable improved adjustment to fluctuating wind conditions and a more accurate control of
wind energy integration into the power system [12-17].

Fuzzy controllers have emerged as an effective solution to improve the efficiency and
stability of wind energy management systems [18-22]. FL controllers are being used more
and more in wind power conversion systems to make them work better and more efficiently.
FL controllers are great at dealing with the highly unpredictable and nonlinear behavior of
wind. They do not need exact mathematical models, which are often hard to understand
or do not work well in the real world, so they can adapt to changing wind speeds and
directions [12,18].

In the literature, various papers address the control of WECSs, focusing on various
aspects such as machine-side converters, grid-side converters, and pitch control strategies.
The fuzzy logic controller (FLC) proposed in [23] generates the rotor voltages necessary to
ensure that the active and reactive power in the WECS achieve their target reference values.
In this case, fuzzy controllers frequently call for modifications that are quite fine.

The study in [24] presents a control law that combines sliding mode control and a
single-input FLC to effectively and efficiently control a static synchronous compensator,
enhancing both its performance and stability. The goal is to enhance the voltage profile
and stability of an asynchronous WECS, even in the presence of wind speed and load
fluctuations. However, an attractive choice is to experiment with an alternative form of
FLCs, specifically ones that modify the PI reference value. In [25], an adaptive controller
that is based on the principle of fuzzy logic is proposed in order to limit the extracted
power at its rated value while simultaneously enhancing its quality. Additionally, the
pitch angle is adjusted in order to alleviate the loads that are applied to the turbine and
the drive train when they are operating under full load conditions. In [26], a model for
Load Frequency Control (LEC) is given, which combines the economic dispatching control
with the frequency control problem. The need for frequency stability is crucial in both
the short-term and long-term operation of power systems. In [27], the suggested LFC
model examines the role of hydro-turbines in power systems with abundant wind energy.
It also seeks to understand how hydro-turbines contribute to the secondary frequency
control scheme using a PID controller. Other researchers [28] aim to demonstrate the
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superiority of the adaptive PID controller with an FCL loop in a six-area power system
associated with renewable energy sources. Current studies have additionally concentrated
on comprehending the function of energy storage systems (ESSs), together with innovative
control methods, in regulating the frequency of power systems mostly powered by wind.
Using the cascaded dual-FLC strategy, a robust and adaptive energy management system
was developed in [29] with the purpose of mitigating disturbances that were caused by
varied solar irradiation, fluctuating wind speed, and even unexpected fluctuations in load.
To achieve more stability, the suggested algorithm is able to govern the functioning of
batteries, the mode of the microgrid, and the management of the load. In [30], an adaptive
fuzzy logic controller is proposed as a control system designed to maximize power output
from a WECS equipped with a permanent magnet synchronous generator. An excessive
overshooting of the results is observed whenever there is a sudden shift in the references.
A novel single-input variable (FLC) technique is proposed in [31] for a WT-driven doubly
fed induction generator (DFIG) that is equipped with a battery energy storage system and
operates in autonomous mode. The fact that this type of command is dependent on the
internal properties of the system makes it a fragile command. In [32], there is a lack of a
comparison study for the purpose of validating the results of the control and administration
of an energy conversion system within a microgrid setup that includes numerous renewable
energy sources and a storage system.

In the literature related to Brushless Double-Fed Induction Generators (BDFIGs), we
can find several control techniques [33-38]. In [33], H. Huerta et al. explore a Hamiltonian
model for controlling a BDFIG using sliding mode control (SMC) and passivity-based
methods for grid connection. In [34], they further improve their previous work by extending
traditional SMC with High-Order Sliding Mode Control (HOSMC), integrating it with
passivity techniques to enhance BDFIG control performance. G. Dauksha et al. in [36]
illustrate a comparative analysis of full-order and reduced-order state feedback control for a
cascaded brushless doubly fed induction generator (CBDFIG). M. Cheng et al. in [37] focus
on studying unbalanced grid voltage conditions and propose a Dual-Negative-Objective
Coordinated Control strategy for the BDFIG. Indeed, the authors in [38] propose a non-
traditional FLC for a DFIG in an oscillating water column power plant. Although the
technique was experimentally validated and its superiority was proven, it has not yet been
tested with wind energy systems, as acknowledged by the authors.

The literature related to CDFIGs shows that various control strategies have been
applied [39-51], each with its own advantages and disadvantages. However, despite signif-
icant progress in applying FLCs in WECSs, there is currently no documented application of
FLCs specifically for WECSs based on CDFIGs.

This paper conducts a comparative study of three controllers, notably a novel FLC,
a fractional-order PID (FPID) controller, and a proportional-integral (PI) controller for
a highly nonlinear and complex system in the first step. In the second step, we use the
suggested controllers for the production and management of a WECS chain based on a
CDFIG. This WECS configuration comprises a wind turbine (WT) that transforms wind’s
kinetic energy into mechanical energy, and the latter is transformed into electrical energy
via two cascaded asynchronous machines and an AC/AC converter that establishes the
connection between the generator and the electrical network.

The brush-ring system in the DFIG, commonly employed in wind energy genera-
tion, reduces the machine’s reliability. In order to solve this problem, the electrical and
mechanical connection of two DFIGs through their rotors is used to avoid the need for
brush-ring sliding contact. The complete system is referred to as a CDFIG [11,16]. This
machine serves as a generator for the generation of electrical energy. In order to establish
a connection between the system and the network using a DC link, we utilize a power
electronic transformer. The frequency converter comprises a rectifier on the machine side,
which is responsible for managing and regulating the active and reactive powers trans-
ferred between the second stator and the grid. The grid-side inverter is controlled to ensure
a constant DC link.
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The following are the main contributions of this paper:

1.  An FLC was designed for a CDFIG in WECS application.

2. The reliability and applicability of the CDFIG controlled by an FLC were demonstrated
under various conditions, including active power variations, smooth and step wind
speed changes, and even the worst case of random wind speed variation.

3. To demonstrate the effectiveness of the proposed FLC well, its performance was
compared to well-established methods such as the use of PI and FOPID controllers.

The remainder of this paper is organized as follows.

Section 2 provides a summary of the mathematical modeling and a description of the
energy conversion chain. Section 3 focuses on the design and implementation of the three
controllers used in the WECS. Section 5 presents the simulation results and discusses the
findings for all cases.

2. The Modeling and Description of the Energy Conversion Chain

CDFIGs represent a new area of research, but recently, a lot of studies have been
published which concern several areas. Cascades can be found in wind power [49], small
hydraulic power plants [50], and aviation [51].

The ring—brush system in DFIGs decreases their reliability; however, the electrical and
mechanical coupling of two DFIGs via their rotors solves this issue by eliminating the need
for sliding ring-brush contact. The entire system is called a CDFIG. In this case, succession
coupling involves connecting the shafts and rotor windings in a reverse manner, resulting
in the inversion of the rotor phases [40]. Figure 1 illustrates this coupling.

% 3 Machine(0l MachineDZ
’—@ M M
fg?\ |

| lo

Figure 1. The connection of the CDFIG to the electrical network.

All equations are expressed in a frame of reference linked to the rotating field in the
Park transform. The equations of the voltage and flux of the two DFIGs are as follows:
-DFIM 1: P
Ugs1 = Re1lgs1 + (516;51 — Ws1Pys1
_ . dﬁoqsl
Ugs1 = Rs1igs1 + dT — Ws1Pds1
Va1 = Ruign + G — (ws1 — wn) ogn

: dggn
Ugr1 = Rpign + T‘f + (wWs1 — W) Part

1)

where 041, 04,1, and vys1, 041 Tepresent the direct and quadrature voltage components of
the stator and rotor, respectively, for the first DFIG. iy, i4,1, and iy, i represent the
direct and quadrature current components of the stator and rotor, respectively, for the first
DFIG. @451, @ar1, and ¢gs1, @gr1 denote the direct and quadrature voltage components of
the stator and rotor, respectively, for the first DFIG Ry and R,; are the electrical resistance
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of the stator and rotor winding of one phase. ws; is the speed of the synchronous reference
frame of the first DFIG, and w,q is the rotor electrical angular speed of the first DFIG.

Pas1 = Lerigs1 + Linilan
Pgs1 = lel.qsl + Lmll.qu )
Part = Ltiars + Limias
®qr1 = Lyigrn + Limigs1

Ls; and L,; represent the total cyclic inductances of stator 1 and rotor 1, respectively.
Ly is the magnetizing inductance.

- DFIM 2: ;
Var2 = Rp2igr + fl;irz — (w1 — wrl)({)qu
. d(p 2
Ogr2 = Rr21q72 + TT - (wsl - wrl)(Per ©)
. d
Vg2 = Realgsp + ‘I‘;:isz - (wsl e wr2)§0q52
_ R . d(PqSZ
Ugs2 = Relgs + —— + (ws1 — w1 — wrZ)(PqSZ

Pas2 = Lsaigsp + Liolara
®gs2 = Ls2igs1 + Limnigra @
Pdar2 = Liolgra + Linoiasn
Pgr2 = LrZiqu + LmZiqSZ
The two machines are identical, sharing the same equations and notations. We denote
the first machine as 1 and the second machine as 2.

Modeling the electrical coupling of the two rotors depends on the type of coupling;
the voltage and current equations are as follows:

{ Udr1 = Udr2 = Udr (5)
Ugr1 = Ugr2 = Ugr

{ idrl = ier = idr (6)
Igr1 = lgr2 = lgr

The multivariable system can be represented by state-space equations. Multiple

choices are possible for the state vector. Among these, we will take the vector of the stator
and rotor currents.

T
[1] = [stl Igs1 dr ldgr lds2 quZ} 7)

In order to obtain differential equations, we will need to replace the flux in the voltage
equations. These differential equations are expressed as follows:

dll
) = (2] + (Al ®)
With

Rsl —Ws1 le 0 *wleml 0 0
ws1Ls1 Rs ws1Lm 0 0 0

7 — 0 _wglel R, _wglLr 0 /\wgl Lo
We1 Lun 0 We1 L, R; _/\wgl ) 0

0 0 0 Awsz Lmz R52 _LSZWSZ

0 0 —AwsLyn 0 Lorwsp R
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Lqg O Ly 0 0 0
0 Ly 0 Lo 0 0

p | Lm0 L, 0 —ALm 0
0 Ly 0 L, 0  —ALm
0 0 —ALp 0 Lo 0
0 0 0  —ALm 0 L

2.1. Control Powers of Stator-1

By aligning the d-axis of the (dg) reference frame with the flux of the first stator ¢,
the steady-state model of the CDFIG is simplified as follows:

©)

V452 = Reaigsy — S.ws(Lsa — C.Ly2)-igs2

Ugs2 = Rsziqsg — S.ws(Lsz — C~Lm2)-id52 + CSL”IZA+‘;1Vq
where 1457 and vgs; represent the two-phase voltage components of the second stator, which
must be controlled to achieve the desired iz, and iy current levels in the machine. The
influence of coupling terms between the d and q axes in S.ws(Lsp — C.Ly;2) is minimal and
can be effectively compensated for through proper regulator synthesis.

On the other hand, the term C.S.(L,, Vs)/Ls1 represents an electromotive force that is
dependent on the rotational speed. This term’s influence is significant as it introduces a
tracking error. Therefore, the control strategy must account for this error to ensure accurate
system performance.

The powers of stator-1 can be controlled through the currents of stator-2 by the
following system of equations:

L.
Py = —C.Vs [:Zi Igs2

_ v C.L2, Lo - (10)
O = ot (1 £ ) — CWilibing

_ _ — 2
With § = s1.5p = ¥l Z:i W2 — Yl ?U(fjﬁpZ), and C = Ly;p/(Ly + Lyp — —Li’; ).
Finally, we can control the active power Py and reactive power Qs1 exchanged between

the network and stator-1 through the currents of stator-2 iz, and igs.

2.2. The Modeling of the Connection to the Electrical Network

The main objective is to maintain zero reactive power to ensure a unity power factor
on the network side in order to optimize efficiency. Then, the active power sent to the
network is adjusted to its reference value, and the DC bus voltage is kept constant. The
frequency converter (rectifier—inverter) and the CDFIG coupled to the network are shown
in Figure 2.

The DC/AC converter, on the network side, is modeled as follows:

Vin1 " 2 -1 1] [A
Vi | =5 |71 2 1 f (11)
Oin3 -1 -1 2 3

The current flowing through the grid side inverter is defined as follows:

fg=frij+folin + f3lin (12)
The AC/DC converter can be modeled as follows:
() " 2 -1 -1][f
v | = 30 -1 2 -1||f (13)
!

Vesa -1 -1 2| |f}
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£
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Grid
Figure 2. The connection of the CDFIG to the electrical network via power converters.
The current flowing through the machine-side rectifier is defined as follows:
. / - / - /.
18:f11ﬂ52+f2lb52 + f31c52 (14)

(f1, fo, f3) and (f], f{, f1) are logical connection functions of inverter and rectifier
switches, respectively.
The current, which flows in the capacitor, comes from the rectifier on the machine side
and inverter from the network side:
fc = im — g (15)
The temporal evolution of the DC link voltage is obtained from the integration of
capacitive current:
du, 1, .
— = —(lm—1 16
o = 2 (i —ig) (16)
The diagram in Figure 2 shows that the connection to the electrical network is made
via an input filter. By applying the Park transformation, we can write the following:

Vnd = Reing + L0 — eg + Eg an
— R.j Ing
Ong = ernq + LrW +es+ Eq
With .
{Ed = Lrwslnd (18)
eq = Lywsing
The reference power of the DC link is as follows:
Pdc—ref = ucic—ref 19)

The DC link voltage regulation block is presented in Figure 3.
The active and reactive powers exchanged with the network are defined as follows:

{P = Edidfref + Eqiqfref (20)
Q= qudfref + Edquref
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Im
Ue
F c
1 T
()} m | K—=Prr
Le—ref F c-ref
Figure 3. DC link regulation scheme.
We can derive the reference currents from Equation (21):
. PrefEq+QpefE
-
i  PoEg—QufEa (21)
q-ref = T EITE2

The I; current is used to regulate the DC link voltage. It is controlled using a regulator
(PI). I, is used to regulate the reactive power transmitted. The regulation scheme for
network currents is shown in Figure 4.

id _rer @ @ % ® -

i

3 E,
Ey. E; Ej |
Ey T
Eredle Breste Bres3 _res
i _res
2

Figure 4. Network-side current regulation scheme.

3. The Design of the Used Controllers
3.1. PI Controller

The regulation of wind power systems with proportional-integral controllers has been
the subject of a great number of publications that have been published in the academic
literature [52-57]. PI controllers, used in CDFIG control, are simple and quick to implement
while offering acceptable performance (dynamic performance, robustness, and disturbance
rejection). Figure 5 shows the closed-loop system, corrected by a classical PI controller, with
its transfer function presented as follows:

k.
Gpi(S) =k + gl (22)
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Figure 5. Closed-loop system.

The system’s response time is approximately 10 milliseconds, which is sufficiently
rapid for usage on WTs, where wind fluctuations are gradual, and mechanical time con-
stants are significant. Lowering the value may not enhance overall performance, but it
could potentially result in disturbances during transient situations, resulting in undesired
effects and instabilities. We used the pole compensation method here for its speed; it is
obvious that it is not the only valid method for the synthesis of the PI controller. The results
of our calculations are as follows: k, = 0.000118, and k; = 0.00184.

3.2. Fractional-Order PID Controller

A fractional PID (Proportional-Integral-Derivative) controller is an extension of the
classic PID controller, has the form PI*D*, and uses derivatives and integrals of a fractional
order rather than integers. This approach makes it possible to control dynamic systems
with greater flexibility and precision. The coefficients u and A are positive real numbers
such that 0 < A <1, 0 < u < 1. There are different kinds of FOPID controllers, including
the PID (with A =1and y =1), PI (with A =1 and p =0), PD (with A =0 and p = 1), and
P controllers (with A = 0 and u = 0) [58]. Figure 6 presents a graphical depiction of FPID
controllers. The transfer function of the FOPID controller is expressed as follows:

k‘
GropiD(s) = kp + 57;\ +kqS! (23)

+ - -
s | LR+ 8.Ly(Lyn —CLy,0)
Psl

)
v
0a (& | oo U CL,V, | .
s* | Ly Ros+S.Lyy(Lgy —CLyy,5) |
(5]

Y

> Ky
Figure 6. FOPID controller applied to WECS.

]

Recent research has shown that this controller’s performance, particularly its response
speed and robustness, can be enhanced by changing to the fractional-order version [59-62].
The following is a list of the parameters that were used for the FOPID controller in order to
find optimal solutions: k, = 0.000118, k; = 0.00184, k; = 0.0000000001, A = 0.9, and p = 0.5.

3.3. Fuzzy Logic Controller

The FLC is a type of controller that is based on fuzzy logic, which is a type of logic that
works with approximate notions rather than precise values. A fuzzy logic controller (FLC)
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uses reasoning processes that are comparable to those that humans use. This is in contrast
to standard control systems, which rely on precise mathematical models. Fuzzy logic is
a form of multivalued logic in which the true value of a variable can be a real number
between zero and one, which is considered “fuzzy”. In Boolean logic, the truth value of a
variable cannot be 0 or 1 (Figure 7) and is generally called a “net” value.

0 0 ol1 1 1 00 02 04 06 08 1 1
(a) (b)

Figure 7. Range of logical values: (a) Boolean logic, (b) fuzzy logic [63].

There are many works in the literature that have used fuzzy controllers for system
regulation [63-68]. The fuzzification of inputs, the application of a rule base, inferring to
integrate the rule results, and defuzzification are the phases that a fuzzy controller requires
to create an accurate output. Following these processes enables the processing of imprecise
data and the making of suitable decisions in complex settings. Fuzzy logic controllers are
illustrated graphically in Figure 8.

5 CI‘mll:c ‘
$ LR +S8.Ly(L»—CLy,s) ‘
Fuzzy Logic
Controller
CLyV, ‘ ¥,

le‘qsl +S'L.!'][Lﬂ _CLuiZ) |

Fuzzy Logic
Controller

Figure 8. Design of fuzzy logic controller.

The controller block consists of a Mamdani-based inference system, which uses the
center of gravity method for defuzzification. The choice of defuzzification method is
dependent on the number of input/output parameters, and a specific set of rules was
constructed for this purpose.

The Mamdani-based Fuzzy Inference System (FIS) is characterized by its intuitive na-
ture and easily interpretable rules compared to Sugeno’s FIS. Despite having less flexibility
in system design, Mamdani’s FIS is better suited for human input. In contrast, Sugeno’s
rules require more mathematical formulations. Given the novelty of applying FLCs in
Wind Energy Conversion Systems (WECSs) based on Cascaded Doubly Fed Induction Gen-
erators (CDFIGs), human expertise is essential, making the Mamdani approach particularly
suitable for complex industrial applications, such as in our case.

In this scenario, the Mamdani Fuzzy Inference System (FIS) was chosen over the
Sugeno FIS because of its superior flexibility, accuracy, and ability to produce improved
results. The plant control u is determined based on the two state variables, error (¢) and the
rate of change of error (de). The control laws of the FLC are specified by the rule matrix
presented in Table 1, and their Membership functions are presented in Figure 9.
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Table 1. Rule matrix for FLC.

du € NB NM NS ZE PS PM PB

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

NB NM NS Ze PS PM PB NE NM NS Ze PS PM PB

input variable "eor-e” input variable "derror-de”
() (b)

NB NM NS Ze PS PM PB

(©)

Figure 9. Membership functions: (a) error (), (b) change of error (de), (c) output (u).

4. Outcomes and Discussion
4.1. Test 1. Effect of Active Power Variation

The purpose of this section is to examine the manner in which the regulator adjusts to
alterations in the operating conditions, such as disturbances from the outside world. In
order to compare the controllers’ replies, we will use active power reference steps. The
outcomes of the current test are illustrated in Figure 10.

We can conclude from Figure 10a,b that all of the regulators follow the reference to
active power. The outcomes demonstrate that the proposed FLC approach outperforms
that of the PI and FPID controllers in terms of robustness and tracking accuracy.

The interval in the range of [4-6] s will be the focus of our analysis. Table 2 provides
a summary of the various controllers’ rising times, settling times, and overshoots of ac-
tive power stators and torque. The FLC’s response time is the shortest among the other
controllers. It is estimated at 0.0016 s for active power and torque. The settling time is
almost identical, with a small reduction observed for the FLC. For both active power and
torque, the estimate is 1.9997. The FLC’s peak overshoot is relatively low when compared
to that of the FOPID and PI controllers. The peak overshoot values for active power and
torque are 3.8639 and 6.9401, respectively. Figure 11 represents a comparative examination
of the proposed technique in relation to other strategies. The use of the FLC method, as
suggested, effectively decreased the rise time, settling times, and peak overshoots. The
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data shown in Table 2 and Figure 11 provide evidence of the usefulness of the suggested
FLC in enhancing the features of the energy system discussed in this paper, in comparison
to the alternative controller.
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Figure 10. Various controllers’ responses to power steps: (a) active power, (b) generator torque.

Table 2. Comparative analysis of proposed controllers.

P T, (kN.m)
Rise time T (s) 0.0250 0.0247
PI Settling time T (s) 1.9999 1.9999
Peak overshoot (%) 11.4219 11.0712
Rise time T (s) 0.0215 0.0213
FOPID Settling time T (s) 1.9999 1.9999
Peak overshoot (%) 11.2458 10.9654
Rise time T (s) 0.0016 0.0016
FLC Settling time T (s) 1.9997 1.9997
Peak overshoot (%) 3.8639 6.9401
Rise time Tr(s) Settling Time Ts (s)
0.03 1.99995
0.025 1.9999
0.02 1.99985
1.9998
0.015
1.99975
0.0 1.9997
0.005 1.99965 l
0 — 1.9996
Ps1 Ps1
Pl mFOPID WFLC Pl mFOPID MFLC
(a) (b)

Figure 11. Cont.
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Figure 11. A comparative study between FLC, PI, and FOPID characteristics for the torque and active
power: (a) Psq rise time T (s); (b) Ps; settling time T (s); (c) T, rise time T, (s); (d) T, settling time T
(s); (e) Ps1 peak overshoot (%); (f) T. peak overshoot (%).

4.2. Test 2. The Effect of the Inertia of the WT

The inertia of a WT is highly influenced by its size and rated power, both of which
are consistently growing over time. During this test, we will combine the WT with the
generator shaft. The active power used as a reference for the generator will now be the
mechanical power generated by the WT. The inertia of the WT breaks sudden changes in
wind speed. Figure 12a illustrates the wind profile that is applied to the WT. We apply wind
steps to see the effect of the inertia of the WT on the dynamics of the system. Figure 12b
shows the generator’s speed.

The generator’s speed follows the same profile as that of the wind speed but with a
certain delay due to the WT’s inertia, which slows down the system’s response.

As shown in Figure 12c¢, the active power of the first stator is represented. It is denoted
by the symbol Ps;_r, which signifies the mechanical power that is generated by the WT
and will serve as the reference power for the generator. Taking into consideration the FLC
strategy in comparison to the PI and FOPID strategies, we are able to draw the conclusion
that the FLC method produces satisfactory outcomes, particularly with regard to the
tracking of the reference and the rejection of disturbances. So as to prevent the exchange
of reactive energy with the network, the reactive power of the first stator is maintained at
zero, as seen in Figure 12¢, and with this particular figure, we are able to reaffirm that the
FLC is superior to all of the other controllers
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Figure 12. Characteristics of CDFIG with integration of inertia of wind turbine: (a) wind speed (m/s);
(b) generator speed (rpm); (c) Ps; (MW); (d) Qs1 (MVAR).

4.3. Test 3. Performance of CDFIG Under Random Wind Speed

During this third test, we perform an analysis of the complete system by using simula-
tions of the entire chain of energy conversion. This includes the WT, the generator that is
connected to the electrical network, and all of the energy control, management, and opti-
mization systems. Direct power control is the approach that serves as a base for the control
strategy. The active and reactive powers in the system are both under the control of this
control independently. In order to regulate the amount of active power that is transmitted
to the network by the first stator, we make adjustments to the supply voltages of the second
stator. It is essential to exercise control on the aerodynamic power that is generated by the
turbine. We make use of a switch in order to determine and thereafter select a suitable pitch
angle. In situations where the aerodynamic power of the WT is less than the maximum
power rating of the power converter, the angle is set to zero (8 = 0°). The pitch angle is
adjusted by the power converter once it reaches its maximum capacity. This is conducted in
order to limit the amount of aerodynamic power. It is a proportional-integral (PI) controller
that is responsible for determining this angle. The controller conducts this by comparing
the nominal power with the measured power, which ultimately results in the WT running
at a lower efficiency. The objective is to maximize the power that can be generated by
the converter while staying within the limits that are considered acceptable. The energy
conversion chain and its control are shown in Figure 13.

The wind speed that was applied to the energy conversion device is depicted in Figure 14a.
Figure 14b illustrates the speed of the side shaft of the generator. Over-speed regimes are
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governed by the pitch control, which places a limit on this speed. An illustration of the total
harmonic distortion (THD) of the first stator current can be found in Figure 14c—e.
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Figure 14. Characteristics of CDFIG with random wind speed: (a) wind speed (m/s); (b) generator
speed (rpm); (c¢) THD of first stator; (d) THD of first stator; (e) THD of first stator; (f) Ps; (MW);

(8) Qs1 (MVAR); (h) Ps; (MW); (i) Qs2 (MVAR); (j) torque T, (KN.m).

Power quality is critical as it reflects the level of distortion within an electrical power
system. Wind Energy Conversion Systems (WECSs) contribute to total harmonic distortion
(THD) due to their intermittent nature, caused by wind fluctuations and nonlinear power
electronic devices that generate harmonics and inter-harmonics. Elevated THD leads to
voltage fluctuations, compromising system stability and increasing losses in components
like transformers, generators, and cables through overheating. Moreover, high THD limits
WECS grid integration and may result in disconnection to preserve grid stability if not

properly managed.



Sustainability 2024, 16, 9333

17 of 21

We are able to confirm once more that the control strategy that makes use of fuzzy
logic is the most effective by comparing it to the other three controllers, which are the PI
controller (1.51%), FPID controller (1.21%), and FLC (0.93%), as presented in Table 3.

Table 3. THD of proposed controllers.

Controller PI FPID FLC
THD 1.51% 1.21% 0.93%

An illustration of the development of the active power as a function of wind variation
can be found in Figure 14f. The power reference that is imposed by the turbine is followed
by all of the control techniques (the use of PI, FPID, and FLC), with the exception of the FLC
strategy, which is noticeably superior in terms of tracking and the rejection of disturbance.
The reactive power of the first stator is displayed in Figure 14g. For the purpose of stopping
the exchange of reactive power with the electrical network through the first stator, this
power is maintained at zero. As the image demonstrates, the FLC method adheres to its
reference in a satisfactory manner. The active power and reactive power of the second
stator are represented in Figure 14h,i, respectively. These powers change based on the wind,
with hyposynchronous positive speed positive powers and hypersynchronous negative
speed powers. The torque is depicted in Figure 14j according to the three distinct methods.
Just like the powers, torque has the same form.

The pitch control angle is represented in Figure 15a. An observation that we made is
that the angle of inclination of the blades increases whenever the wind speed is greater
than the nominal threshold. By increasing the pitch control, the power coefficient that
is displayed in Figure 15b is reduced. This is conducted in order to limit the quantity
of wind power that is captured by the WT. Figure 15c depicts the current and voltage
characteristics of the first stator, and Figure 15d provides a zoomed-in view of the current
and voltage of the stator. We note the fact that the current and the voltage are in phase
opposition to one another. Additionally, the current and voltage of the second stator are
depicted in Figure 15e. There is a correlation between the speed of the wind and the shape
of the current.
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Figure 15. Characteristics of CDFIG with energy production system.

5. Conclusions

The topic that is the focus of this article is the investigation of a control method that
enables the management of energy that is generated by a WT and the optimization of its
output. This study compares three different types of controllers, namely the PI controller,
FPID controller, and FLC, with the main focus being on direct power control. The CDFIG is
the name of the electromagnetic converter that was utilized in order to convert this energy.

The first test results demonstrate that when compared to other techniques such as
the use of PI and FPID controllers, in terms of peak overshoot (%) for Ps and torque (Te),
the findings reveal that the FLC-based technique (3.8639%, 6.9401%) outperforms that
of both the FOPID (11.2458%, 10.9654%) and PI controllers (11.4219%, 11.0712%). This
demonstrates the FLC’s superior ability to reduce overshoot, offering better control stability.
Additionally, for the rise time (s) of Py and T, all controllers show similar performance.
However, the FLC excels with rise times of 0.0016 s for both, significantly outperforming
the FOPID (1.9999 s) and PI (0.0250 s, 0.0247 s) controllers. During the second test, which
focused on examining the impact of different factors including the WT’s inertia, the results
indicate that the FLC performs better than the other controllers at tracking the reference.
After examining the THD curves of the first stator currents from the results of the third
test, we can affirm that the intelligent fuzzy logic controller (FLC) surpasses the other
controllers in terms of performance. Ultimately, we chose to utilize an intelligent approach,
specifically the use of a fuzzy controller, for the generation and management of electrical
energy generated by wind power.

Future work will focus on enhancing controller performance through optimization
techniques such as Genetic Algorithms (GAs), Artificial Neural Networks (ANN), and
Particle Swarm Optimization (PSO). Additionally, the proposed controllers will be validated
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through experimental testing. Efforts will also be made to improve power quality by
reducing total harmonic distortion (THD) using advanced techniques.
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