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ABSTRACT This work provides regulation of active and reactive power for asynchronous generator-based
multi-rotor wind power (MRWP) systems using a synergetic control based on fractional order control theory.
The traditional synergetic control theory achieves an undesirable chattering effect, which can damage the
system. For this, it is relevant to combine the traditional synergetic control theory with fractional order
control to avoid these drawbacks. Two control schemes are proposed, analyzed, and compared: traditional
direct power control (DPC) and DPC based on fractional-order synergetic controllers, the latter needs
only the information of the sliding surface. Their characteristics are compared in terms of current quality,
active and reactive power reference tracking, robustness against generator parameter variations, and power
ripple. Simulation results using Matlab software have demonstrated the characteristics and robustness of the
suggested DPC based on fractional-order synergetic controllers compared to the DPC because of its efficacy
in improving the quality of power/current.

INDEX TERMS Asynchronous generator, direct power control, multi-rotor wind power, fractional order
control, synergetic control theory.

NOMENCLATURE
AG Asynchronous generator.
DFIG Double-Fed Induction generator.
DPC Direct power control.
DTC Direct torque control.
FL Fuzzy logic.
FOC Field-oriented control.
FOSC Fractional-order synergetic control.
IPWM Intelligent pulse width modulation.

The associate editor coordinating the review of this manuscript and
approving it for publication was Sinisa Djurovic.

MRWP Multi-rotor wind power.
MPPT Maximum power point tracking.
MSVM Modified space vector modulation.
Rr Stator resistance.
NSTA Neural super twisting algorithm.
PI Proportional-integral.
PWM Pulse width modulation.
SMC Sliding mode control.
SSMC Synergetic-sliding mode control.
SSE Steady-state error.
STA Super twisting algorithm.
THD Total harmonic distortion.
TSC Terminal synergetic control.
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VC Vector control.
WP Wind power.
Rs Rotor resistance.

I. INTRODUCTION
The traditional direct power control (DPC) of asynchronous
generator-based multi-rotor wind power (AG-MRWP) sys-
tems has a quick active power (Ps) response without inner
loop current control and complex orientation transformation
[1]. This strategy belongs to the family of linear strategies,
as it uses a switching table (ST) to generate control pulses in
the inverter. Two classical hysteresis comparators (HCs) are
used to regulate the output power. In principle and idea, the
DPC has the same characteristics and advantages of the direct
torque control (DTC); however, they differ in the references
used only. In the DPC, both Ps and reactive power (Qs)
are used as references, while in the DTC, both torque and
flux are used as references. As compared to other strategies
like backstepping control (BC) and vector control (VC), this
control is considered to be the simplest and most straight-
forward [2]. Although DPC has some disadvantages, such
as the total harmonic distortion (THD) of current and Ps
ripples [3]. These defects are among the problems in the wind
turbine system (WTS) and affect its spread and limit its use.
Therefore, it is necessary to reduce these shortcomings and
try to overcome them to increase the robustness of the WTS.
Also, this strategy is greatly affected by the change of system
parameters and this is shown by the high rate of ripples and
the value of THD of current. The important point in the DPC
is the proper selection of the rotor voltage vector. Compared
to VC and field-oriented control (FOC), DPC does not use
inner loops that increase the complexity of the system and
reduce the robustness of the strategy [1], [2]. To command the
power, two different level HCs are used, where a 3-level HC
is used to control the Ps and a 2-level HC is used to control
the Qs [3]. The widespread use of the DPC is constrained
by the usage of these traditional controls, which significantly
increase THD at the level of voltage and current. In addition to
these controllers, the full Ps and Qs rating is used, where the
power rating is linked to the voltage and current measuring
devices. Therefore, high-efficiency measuring devices must
be used, which increases the cost of the system as a whole.

Several studies have proven that the use of a HC in the DPC
is the cause of fluctuations in the power level and in decreas-
ing the quality of the current [1], [3]. Also, several solutions
have been suggested to increase efficiency and overcome the
problems of the DPC [4], [5], [6], [7], [8], [9]. Most of these
solutions that have been proposed to overcome the defects of
DPC are dispensedwith ST and twoHCs, as they are compen-
sated with other techniques, which may lead to an increase in
the complexity and thus the difficulty of implementation, and
this is undesirable. Among these suggested solutions, we can
mention the nonlinear controls, which are the sliding mode
control (SMC) [4] and the BC technique [5]. Nonlinear strate-
gies are characterized by durability, are not affected much by

changes in system parameters, and have the ability to improve
the dynamic response of systems compared to the linear
strategies [4], [5]. However, applying nonlinear controls has
drawbacks, including complexity, which is characterized by
implementation challenges, particularly in complex systems
[6]. Moreover, the use of nonlinear controls increases the
cost of industrialization. This is undesirable, which creates
several problems at the level of power generation systems.
ADPC-BC for Ps andQs control of an AG-based wind power
(WP) system has been introduced in [7], where a BC was
designed to calculate the stator direct and quadrature voltage
references. In this strategy, power ripples are to some extent
overcome and current quality is increased compared to DPC.
However, there remains a negative aspect of the high degree
of complexity, which makes it difficult and more expensive
to complete. In addition, there are many parameters, which
makes it difficult to adjust the dynamic response of the power
and this is not desirable. In [8], a nonlinear control was
designed to calculate the AG rotor voltage controlled by the
DPC. This nonlinear control theory is based on the SMC. In
this strategy, ST and two HCs were compensated for by SMC
and pulse width modulation (PWM). Although the SMC has
shown high characteristics, still the controller becomes com-
plex and error-prone with the parameter differences because
it depends on the AG parameters. So the control ring must
be fine-tuned. The negativity of the proposed control in [8] is
represented in relying on the estimation of powers to calculate
the error, which creates problems in case of changing the
system parameters. Also, the SMC is related to the mathe-
matical form of the studied system, which makes it difficult
to adjust the response and increases the value of ripples in the
event of a defect in the system. In addition, the DPC (which
was first proposed in [9] for an AG-WP system) has good
dynamic performance and lowersPs andQs ripples compared
to FOC and VC strategies. Despite the high robustness that
characterizes this strategy and the results obtained, there is
a negative one represented in relying on power estimation,
and this requires the use of highly efficient measurement
devices to reduce the error in powers. In addition, there is
a chatterbox that creates problems in the system. A DPC was
suggested in [10] in which synergetic control (SC) theory
was used instead of hysteresis control loops to calculate
the rotor voltage, and the ST was replaced by the modified
space vector modulation (MSVM). Both the Ps and Qs are
estimated in this proposed DPC, which requires high-quality
measuring devices. The advantage of the DPC-SC is simplic-
ity, ease of adjusting results, and inexpensive, which makes
it among the reliable solutions. Through the obtained results,
it was found that the DPC-SC is highly efficient compared
to the DPC, and the simplicity of the algorithm is among
its strongest features. Despite these results presented in the
various tests carried out, it is noted that in the event of a
change in the system parameters, an increase in the ripple
ratio is observed as a result of the use of power estimation,
and this is undesirable. A robust DPC was designed in [11],
where the Ps and Qs of AG are calculated using a neural
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super-twisting algorithm (NSTA) and the rotor inverter is
controlled by MSVM. This strategy is completely different
from DPC, where the ST is dispensed with and replaced
by the MSVM technique. Compared to DPC, this strategy
is complex and uses the same power estimation formulas,
which may create drawbacks in this control if the system
parameters change. Simulation results showed that the DPC-
NSTA is more efficient and robust than the DPC in the case of
changing the generator parameters. The fractional-order DPC
was proposed in [12], in which the behaviour of the strategy
was examined in case of changing the generator parameters
compared to the DPC. In this strategy, fractional calculus
was applied to the proportional-integral (PI) controller for
power control, two fractional-order PI controllers were used
for this purpose. To control the inverter, PWM was used to
generate the necessary signals. The proposed control is fairly
simple, and the robustness of the system has been increased
compared to using DPC. However, the presence of ripples
in the energy level, torque, and current is noticed, as they
were not completely eliminated, and this is the result of using
the capacity assessment. In [13], a robust continuous-time
model predictive DPC (PDPC) for AG-based wind turbines is
proposed. The suggested approach uses Taylor series expan-
sion to predict the stator current in the synchronous reference
frame over a finite time horizon. In this PDPC, the predicted
stator current is directly used to compute the required rotor
voltage to reduce the difference between the actual stator cur-
rents and their references over the predictive time. However,
as the PDPC is sensitive to parameter variations and external
disturbances, a disturbance observer is embedded into the
control loop to remove the steady-state error (SSE) of the
current. The PDPC was experimentally verified for network-
connected DFIG compared to the DPC, and the obtained
results were very satisfactory with high performance. A fuzzy
logic (FL) has been proposed to overcome the disadvantages
of DPC as in [14]. In this intelligent DPC, the FL controller is
used for adjusting the bandwidth of the PS-HC in the DPC to
minimize Ps ripples and improve dynamic AG response. This
strategy was applied to 2MWAG using Matlab software, and
the presented results proved the efficiency and high ability
of the proposed strategy in improving the system properties.
The negative of using FL is represented in the absence of a
rule that defines how the number of rules is determined to
control, as themore the number of rules, the slower the system
becomes, and this is undesirable. In [15], an adaptive neuro-
fuzzy algorithm was used to reduce the power ripples of the
AG controlled by DPC. This strategy has been proposed to
deal with grid-side perturbation and realize low-voltage ride-
through capabilities by controlling the rotor-side converter
(RSC) based on the errors between the Ps andQs of the stator
with their corresponding reference values. In [16], the authors
combined DPC and VC strategies to control the AG-WP
inverter, and thus the performance of the resulting technique
(quality of current and power ripple ratio) became better than
the DPC and VC strategies. This strategy has a downside,

which is the presence of a kind of complexity, which makes it
difficult to implement. Also, it depends on power estimation,
and this is undesirable, as ripples are observed in the current,
which creates problems at the network level. In [17], a pertur-
bation observer-based DPC was proposed to control the AG
using two-stage Kalman filters. This strategy does not need to
know the mathematical form of the system (generators) or the
presence of eddy current sensors, which increases its durabil-
ity, especially in the case of changing the system parameters.
Simulation results prove the high performance and the ability
of this strategy to reduce power ripples in case of system
parameters change. A 3-vector-based low-complexity model
predictive (LCMP) was designed to improve the DPC [18].
This three-vector DPC-LCMP which is different from the
DPC in principle and degree of complexity is designed to con-
trol the AG power. Both simulations and experimental results
indicate that the designed 3-vector DPC-LCMP can signifi-
cantly improve steady-state performance and achieve error-
free control. In addition, its dynamic performance remains
satisfactory compared to the DPC-LCMP based on a single
or binary vector.

SC technique, as a simple and easy-to-implement nonlin-
ear strategy, has multiple advantages over other nonlinear
strategies, such as ease of application to systems, reduced
chattering problems, low chattering, and high robustness [19].
Due to the simplicity of implementation, SC can be pro-
posed to control complex systems, such as 7-phase motors.
So simple nonlinear methods become attractive alternatives
for complex system applications where high reliability is
required. Due to these characteristics, the application of the
SC has been extended from simple systems such as electric
motors to systems for generating electricity from renewable
energy sources [19], [20], [21], [22]. These works demon-
strated the efficiency and performance of the SC strategy in
improving the characteristics of several systems and strate-
gies, such as overcoming the problems and defects of both PI
and DPC. In addition to improving the characteristics of both
the synchronous machine and boost converter.

A new idea for SC was presented in [38], [39] in order
to overcome the problems of the DPC strategy, where both
SMC and terminal sliding surface were used for this purpose.
The use of these strategies increased the robustness and per-
formance of the SC strategy used to overcome the defects of
DPC, and this is shown by the results obtained in the works
[22], [23]. Ref. [24] proposes a SSMC to improve the effec-
tiveness of the direct FOC of the AG-MRWP system using
the PWM. In [25], the authors combined a super-twisting
algorithm (STA) and SC to obtain a strategy characterized by
robustness and high performance of AG control. In addition,
the author has used a modified SVM to generate the RSC
control pulses. A comparative study between the SC and STA
controllers was carried out in [26]. This study was done in
terms of complexity, ease of use, durability, current quality,
response time, and ripple ratio. The simulation results showed
the high performance of the SC compared to the STA.
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Another technique that has been used in the field of electri-
cal engineering, especially in the field of renewable energies,
is no less important than the rest of the other methods.
This method is called fractional calculus. Fractional calcu-
lus is a branch of calculus that is of great importance in
improving the characteristics of systems. This method has
been applied in several fields [27], [28], [29]. Due to the
efficiency of this method in improving and increasing the
advantages of the systems, this control was used to improve
the quality of the energy generated from wind stations. In
[30], fractional calculus is used to improve the field-oriented
control(FOC) properties of an AG-based wind turbine. The
use of fractional calculus significantly improved the quality
of the current compared to the traditional strategy such as
the FOC. However, the problem of Ps ripples remains, and
the value of the THD of the current is rather high. A FOC
for microgrids was presented in [31], where minimizing the
ripples of Ps and current was the main aim of this work. An
SMC based on fractional calculus is designed to control the
AG-WP system [32]. In [33], theDPC based on the fractional-
order SMC (FOSMC) is suggested to regulate the Ps and Qs
of the AG-WP. Using the FOSMC increases DPC durability
and somewhat overcomes the spawn system’s drawbacks. But
in the case of changing the system parameters, it is noted
that the DPC-FOSMC is greatly affected as a result of the
FOSMC being attached to the system parameters, which cre-
ates problems and this is undesirable. A terminal SMC based
on adaptive FOC was proposed to control the RSC, where
the performance of the designed strategy is compared with
the DPC [34]. Compared to the DPC, this method is more
sophisticated, making it more challenging to be implemented
in practice. However, simulation results show the characteris-
tic of this DPC in improving the quality of Ps and in reducing
the value of ripples. In [35], the author has combined FOC
and artificial intelligence technique to obtain a method that
is more robust and has high advantages to reduce electrical
current ripples from wind farms. In [36], the PI control was
designed based on FOC with an intelligent PWM, where a
reference rotor voltage was calculated based on the estimated
Ps, rotor flux, Qs, and Qs/Ps error. The advantage of the
proposed controller is durability with less power ripple com-
pared to DPC, where the current quality is greatly improved.
However, this negative strategy is represented by estimating
each of the Ps and Qs, which makes defects in the case of
changing the system parameters, is not desirable. Ref. [37]
proposes a fractional-order PI-STA to control the Ps and Qs
of the AG fed by a 2-level SVM. The Ps and Qs power of
DFIG have been precisely regulated using a FOSMCbased on
a multi-objective gray wolf optimizer (MOGWO). The chat-
tering amplitude has decreased and the system uncertainties
have been addressed via the FOSMC-MOGWO controller
[38]. The obtained simulation results prove the efficiency and
performance of the MOGWO-based FOSMC controller to
accurately track the Ps and Qs of the DFIG and minimize
ripples, which is desirable. To enhance the performance of

DFIG-WPs by increasing the PQ and supporting fault ride-
through (FRT), fractional-order STA for dynamic voltage
restorer was investigated [39]. Beside sincreasing FRT power
and extracting the most power for DFIG-WP, optimal RPO-
FOSMC based on a multi-objective grasshopper optimization
algorithm was studied [40].
Through these works mentioned in this paper, these pro-

posed techniques for controlling AG-WP differ in terms of
the degree of complexity and ease of implementation, nat-
urally from the perspective of the results. In addition, the
problem of power fluctuations and the low quality of network
current remain to be further studied and solved with better
performances. Using nonlinear methods such as the SMC and
passivity control increases the current quality and reduces
the Ps fluctuations compared to the DPC. But the use of
this strategy increases the complexity of the system, which
is difficult to achieve experimentally. In this work, a control
scheme that is simple, low in complexity, easy to implement,
and robust compared to the DPC is proposed.

In this paper, a new nonlinear technique is presented based
on the use of FOC and SC to increase the efficiency of the
DPC of an AG-based MRWP system. The Ps and Qs are
regulated using the fractional-order SC (FOSC). So FOSC
is the main contribution in this paper, which was used to
overcome the defects of the power generation system. This
technique has advantages and characteristics such as simplic-
ity, as it is considered one of the simplest controllers in the
field of control. In addition, it contains a small number of
parameters (only two), which facilitates the adjustment of the
dynamic response of the system and facilitates the use of
artificial intelligence theories such as genetic algorithms. The
DPC-FOSC is used to calculate the generator rotor reference
voltage. Accordingly, the main contributions of this work can
be summarized in the following points: (1) Applying the pro-
posed FOSC controller to increase the efficiency of the DPC
of an AG-MRWP system, (2) Improving the performance
of the AG-MRWP system through minimizing the THD and
increase the efficiency, (3) Test the robustness of the proposed
AG-MRWP through system parameter and wind speed (WS)
variations.

The strategy proposed in this paper is different from other
strategies proposed in published works such as [35], [36],
[38]. In addition, the ratios ofPs ripples and SSE are extracted
and it is shown that there is a significant improvement com-
pared to the DPC. Moreover, the behavior of the DPC-FOSC
is examined in the case of changing the generator parameters
since changing the parameters may cause disturbance in the
operation of the generating system. In DPC-FOSC, the refer-
ence value of the Ps is calculated using the maximum power
point tracking (MPPT), making the Ps highly dependent
on the WS. Three different tests are suggested to demon-
strate the performance characteristics of the DPC-FOSC.
To elaborate the work performed in this paper, the design,
testing, and validation stages of the DPC-FOSC are shown
in Figure 1.
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This paper is organized as follows. Section II provides an
overview of the generation system (MRWP system) proposed
in this paper with its pros and cons. Section III explains the
designed fractional-order synergetic control to control the AG
power. The proposed DPC strategy based on a FOSC tech-
nique and the two-level PWM strategy, has been presented
in section IV. Numerical simulation studies are presented
in Section V. The conclusions and next work are given in
Section VI.

FIGURE 1. Diagram for proposed approach.

II. MRWP SYSTEM
Renewable energies are among the powers or means that are
currently considered the most effective solutions to overcome
global warming and avoid the use of traditional powers of
producing electric energy such as gas. WP is the most widely
used and least expensive type, as three-bladed turbines are
mostly used to convert WP into mechanical power [33].
Figure 2 represents the system used in this paper to generate
electricity from wind, as this system relies on MRWP. This
system has the advantages of being easy to use, simple, and

ecologically beneficial. This generation system comprises a
generator (AG), two inverters, and an MRWP. These two
inverters are used in this system to feed the rotor AG and
control the rotational speed. The primary function of the
first inverter, which is located on the grid side, is to convert
alternating current to direct current. Also, a second inverter
is used to convert direct current into alternating current. In
the suggested MRWP system, MRWP is used to increase
the value of the mechanical energy gained from the wind
[30]. This mechanical energy is used to rotate the AG. This
generator has several advantages, including ease of control,
durability, low cost, low maintenance, and operation in vari-
able WS conditions [10]. Moreover, The generator has two
main parts, one is static and the other is a rotating part, these
two parts can be expressed using the park transformation.
Equation (1) represents the voltage of the rotor and the stator
part of the AG, and Equation (2) represents the relationship
that relates torque with rotational speed. The Ps andQs of the
AG is calculated according to Equation (3).

Vdr = Rr Idr − wr9qr +
d
dt

9dr

Vqr = Rr Iqr + wr9dr +
d
dt

9qr

Vqs = RsIqs + ws9ds +
d
dt

9qs

Vds = RsIds − ws9qs +
d
dt

9sd

9dr = Lr Idr +MIds
9qr = MIqs + Lr Iqr
9qs = MIqr + LsIqs
9ds = LsIds +MIdr

(1)

FIGURE 2. Block diagram of the MRWP system.

where, Ls and Lr are the stator and rotor inductances, Vdr and
Vqr are the direct and quadrature rotor voltages, Vds and Vqs
are the direct and quadrature stator voltages, Ids and Iqs are
the direct and quadrature stator currents. The stator and rotor
inductances are represented by Ls and Lr, respectively, and
the magnetizing inductance is represented byM .{

Ps = 1.5 × (Vqs × Iqs + Ids×V ds)
Qs = 1.5 × (−Iqs × Vds + Vqs × Ids)

(2)

133494 VOLUME 11, 2023



H. Benbouhenni et al.: Fractional-Order Synergetic Control of the Asynchronous Generator

where, Qs is the reactive power, Rr is the rotor resistance, Ps
is the active power, and Rs is the stator resistance.

Te − Tr = J ×
d�

dt
+ f × �

Te = 1.5 p×
M
Ls

(−9sd × Irq + 9sq × Ird )
(3)

where, Te is the torque of the AG, J is the inertia, f is the
viscous friction coefficient, � is the mechanical rotor speed,
and Tr is the load torque.

In the proposed system for generating electric power, the
MRWP is one of the most important elements or pillars of this
system. This new wind turbine is one of the latest technolo-
gies that have appeared in recent years to overcome the dis-
advantages of the traditional wind turbine. This development
added an auxiliary turbine to the conventional horizontal-axis
turbine. Using this type of turbine significantly reduces the
size of wind farms, which lowers the construction and elec-
tricity consumption costs [10]. In addition, the mechanical
disturbances that the outdated technology had been dimin-
ished by this new technology. However, its drawbacks include
increased manufacturing costs compared to traditional wind
turbines and the control complexity of this new technology
[27]. The usage of two wind turbines, each of varying size
and power, located on the same axis, is essential to this novel
technology. This new technology depends on using two wind
turbines of different sizes and power, where they are assets on
the same axis. The resulting torque is the sum of the torques
of the two turbines together and the same for the resulting
mechanical power [1]. The torque and power of MRWP can
be expressed by Equation (4).{

T = T2 + T1
P = P1 + P2

(4)

where, T and P are the torque and mechanical power of
the MRWP system, respectively; T1 and T2 are the torque
of the secondary and main turbines, and P1 and P2 are the
mechanical power of the secondary and main turbines.

The basic equation for the dynamics of a mechanical sys-
tem on a generator rotor can be written by Equation (1).

(
J1
G2
1

+
J2
G2
2

+ Jg

)
d�g

dt
+ fv�g = Tg − Tem

G1 =
r1
rg

G2 =
r2
rg

θ̇2 =
rg
r2

θ̇g

θ̇1 =
rg
r1

θ̇g

(5)

where, r2 and r1 are the dimensions of the two turbines in
meters, J1 and J2 are the inertia of the secondary and main
turbines, and Jg are the inertia of the generator.

The generator torque (Tg) can be written in terms of the
main turbine torque (T1) according to the following equation:

Tg − T1 − dgθ̇g + d1θ̇1 =Jgθ̈g − J1θ̈1 + r1K2g
[
r2θ̇2+rgθg

]
+ r1d2g

[
r2θ̇2 + r1θ̇1

]
(6)

where, θ̇2 and θ̇1 are the angular velocity of two turbines.
If friction in the gear system is neglected, the Equation (6)

is written as follows:

Tg = Jgθ̈g − J1θ̈1 −
r1
r2
J2θ̈2 + T1 +

r1
r2
T2 (7)

Equation (8) expresses the kinetic force (Pt ) of the wind
obtained through the main rotor with radius R2. In addition to
the power captured by the main rotor (Pt2) [22], [25].

P2 =
1
2
ρπR22V

3
2

Pt2 = Cp
(
λ , β

)
P2

Cp
(
λ , β

)
= (0.5 − 0.167 (β − 2))

sin

(
π
(
λ − 0.1

)
18.5 − 0.3 (β − 2)

)
−0.0018 (β − 3) (β − 2)

(8)

where, Cp(λ , β) is the coefficient of power, the Cp(λ , β) is
very important and is related to the pitch angle (β) and λ , and
ρ is the air density.

The secondary rotor speed ratio, speed, torque of the sec-
ondary rotor are given by [24]:

λ1 =
�1R1
V1

�1 = θ̇1

T1 =
Cp
(
β, λ

)
.ρ.π.V 3

1.R
2
1

2�1

(9)

The tip speed ratio, rotational speed, and aerodynamic
torque developed by the main rotor are represented in
Equation (10) [23], [25].

λ2 =
�2R2
V2

�2 = θ̇2

T2 =
CpρπV 3

2 R
2
2

2�2

(10)

where, λ1 and λ2 are the tip speed ratio of the secondary and
main turbines, R1 and R2 are the blade radius of the secondary
and main turbines. While �1, and �2 the mechanical speed
of the secondary and main turbines.

In the MRWP system, each turbine has its wind speed,
where the WS of the main turbine differs from the WS of the
secondary turbine. To calculate theWS of the second turbine,
Equation (9) is used, where this speed relates to the distance
between the secondary and main turbine, which is estimated
at 15 meters in this paper. Also, this speed is related to a
constant (CT) of 0.90 [1], [27].

V2 = V1

(
1 −

1 −
√

(1 − CT )

2

(
1 +

2x
√
1 + 4x2

))
(11)
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where, CT is the coefficient which characterized the relia-
bility which is generally equal to 0.9 and x is the distance
between the center of the second and first turbines (x = 15m)
[23], [25].

By analogy with the single-rotor wind turbine (SRWT)
model, we can deduce the block diagram in Figure 3
which presents the speed control for maximizing the power
extracted from a double-rotor wind system (DRWP) or
MRWP. Equation (12) can be written that expresses the refer-
ence speed of the generator in terms of the speed of the main
turbine. This reference speed is essential in determining the
maximum value of energy that can be gained from the wind,
as the reference value of speed is used to protect the turbine
from strong winds. �∗

g = G2�
∗

2

�∗

2 =
λoptV2
R2

(12)

FIGURE 3. MPPT control with servo-control of the rotation speed of an
DRWP.

In the literature, there are different regulation techniques
that can be applied to control the rotational speed of anDRWP
turbine (MRWP). In order to achieve this task, in this work,
we applied a classic PI corrector for the MPPT control of an
DRWP or MRWP.

In general, the objective of a control system is to minimize
the difference e(t) between the output of a system and a
desired setpoint value. A proportional integrator type correc-
tor is chosen to control the rotational speed of an DRWP

turbine or MRWP. The structure of the speed controller is
shown in Figure 4.
The closed-loop transfer function can be written in the

following mathematical form:
�g = H (s) �∗

g + G (s) .Tg

H (s) =
Kp.s+ Ki

Jd .s2 +
(
fv + Kp

)
.s+ Ki

G (s) =
s

Jd .s2 +
(
fv + Kp

)
.s+ Ki

(13)

FIGURE 4. Scheme PI regulator block.

To reduce the effect of the disturbance (mechanical
torque Tm), it is in our interest to choose a high value for the
gain Kp. The other gain is chosen so as to have a 2nd order
transfer function, having a natural pulsation and a damping
coefficient, determined as follows:

wn =

√
Ki
Jd

ξ =
fv + Jd + Kp

Ki

wn
2

(14)

So, to impose a response time and a damping factor,
we find: {

Ki� = w2
nJd

Kp� = 2ξwnJd − fv
(15)

With: Jd = ( J1
G2
1

+
J2
G2
2

+ Jg)

In Figure 5, simulation results are given for a 1.5 MW
SRWP and a 1.5 MW DRWP using the wind speed profile
of Moroccan City of Al Hoceima used in the works [9],
[11], [37] and shown in Figure 3a. The mechanical energy
generated by the two turbines is shown in Figure 3b, where
it is noted that the energy generated by the DRWP turbine is
greater than the energy generated by the SRWP,with the value
of the generated energy changing according to the change
in wind speed. At the time point of 1 second, the energy
gained from wind reached 788.5 kW and 844 kW for SRWP
and DRWP, respectively. In addition, the energy gained from
wind reached 948.65 kW and 1.016 MW for both SRWP and
DRWP, respectively, at the time point of 6.4 seconds. The
largest value of the energy gained from the wind for the two
turbines was at the time instant of 2.42 seconds, where the
value reached 975.55 kW and 1044.9 kW for both SRWP and
DRWP, respectively. Since the wind speed is variable, this
causes the energy gained to change, as its lowest value at the
moment of time takes 7.6 seconds. This value was 614.55 kW
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and 705.31 kW for SRWP and DRWP, respectively. From the
given values, it is clear that DRWP provides more incredible
energy gained from wind than SRWP, which is desirable and
important. On the other hand, the generator speed is shown in
Figure 3c for the two turbines, where it is noted that the gener-
ator speed changes according to the change in wind speed and
that the generator speed is greater in the case of using DRWP
compared to the SRWP. At the time point of 4 seconds, the
generator speed reached 1837.6 tr/min and 1968.32 tr/min
for SRWP and DRWP, respectively. The largest value of the
generator speed was at 2.42 seconds, reaching 2329 tr/min
and 2494.5 tr/min for SRWP and DRWP, respectively. At the
time point of 7.60 seconds, the generator speed reached its
lowest value for the two turbines, reaching 1571.684 tr/min
and 1683.58 tr/min for SRWP and DRWP, respectively. It is
noted from these values that the speed of the generator is
greater if a DRWP is used, and this is a result of the fact that
the energy gained from the wind is greater in a DRWP. As is
known, rotational speed is largely related to energy or torque,
as the greater the energy, the greater the rotational speed.

FIGURE 5. DRWP turbine simulation results.

III. DESIGN OF THE FOSC CONTROLLER
SC is a simple and uncomplicated nonlinear control, where
this technique is based on the analytical design of aggregated
controllers (ADAR). The main advantage of the SC is that it
maps the original system of equations to a dynamical system
such that (2) the attracting point is located at the solution
of the original system, (1) any trajectory in the state space

of the system ends in an attractive point and (3) the rate at
which the dynamical system moves towards the attracting
point is controllable. It can be said that the SC is the theory of
synthesis of closed-loop control systems based on the forma-
tion of coherent cooperative processes in systems of different
natures. In general, the SC is a control that has effectiveness
and high performance to control nonlinear systems compared
to traditional strategies, as it depends on the fixed principle in
controlling the sliding situation, but it did not have a defect,
which is represented in the chattering phenomenon. Despite
all these advantages mentioned, there are still negatives that
limit its spread, as the problem of low performance remains
in the event of a change in the system parameters with the
presence of ripples and a decrease in the quality of the current,
and this is not desirable in the field of control.

In this section, two different strategies are combined in
principle to improve the performance of the SC, the first
strategy is SC and the second technique is fractional calculus
to obtain a robust strategy. The FOSC is designed to overcome
the disadvantages of the SC and give a new robust nonlinear
technique. The FOSC is the first time presented as a work to
control the Ps and Qs of an AG- MRWP system. Moreover,
durability and simplicity are two of the biggest advantages
of this proposed controller. As it is known, the SC is among
the most simple and easy-to-implement nonlinear methods,
as it can be applied to complex systems easily compared to
the SMC [22]. The SC is widely used to control nonlinear
systems. SC is a combination of modern mathematics and
synergy [23]. This technique has multiple advantages such as
durability, simplicity, and stability. Also, this method is char-
acterized by high robustness against modeling inaccuracies
and internal parameter disturbances [22], [24]. This method
can minimize the order of the control system and can reduce
the problem of chattering compared to the SMC [25]. In fact,
the SC is more suitable for digital control than any other field.
SC can be expressed by the following Equation [22], [25]:

T · ϕ̇(x) + ϕ(x) = 0 (16)

where T > 0 represents the convergence speed and ϕ is the
macro-variabledenoted by:

ϕ(x) = 0 (17)

The derivation of Equation (17) is given by Equation (18):

ϕ̇ =
dϕ

dx
ẋ (18)

Taking into account the chains of differentiation which is
given by:

T
dϕ(x, t)
dt

=
dϕ

dt
dx(t)
dt

(19)

Based on Equation (16), it can be inferred that the con-
dition T > 0 ensures the satisfaction of Equation (20),
hence enabling the attainment of the manifold described in
Equation (17).{

ϕi > 0, ϕi < 0 ⇒ ϕi −→ 0
ϕi < 0, ϕi > 0 ⇒ ϕi −→ 0

(20)
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Equation (21) expresses the mathematical solution to
Equation (16), where for t = 0, φ(t) = S0. If t = T, in this
case, φ(t) = S0× e, which is an exponential function.

ϕ (t) = ϕ0 · et/T (21)

where for t = 0, ϕ(0) = ϕ0, and for t = T, ϕ(T) = ϕ0 · e.
The SC is known to be a stable method, and Lyapunov

theory can be used to check stability. Equation (22) represents
the Lyapunov function used in this part to check the stability
of the SC:

V =
1
2
φ(ϕ)2 (22)

To study stability, the derivation of the Lyapunov function
must be calculated since the derivation of this function can be
expressed by Equation (23).

V̇ = φ̇ (ϕ) · φ(ϕ) (23)

As is known, for the strategy to be stable, the derivative V̇
must be less than 0. So, based on the above relations, in this
case we can write:

V̇ = −
1
K

φ2(ϕ) ≤ 0 (24)

Therefore, SC technique stability is guaranteed due to the
negative derivative of the Lyapunov function.

There are several drawbacks present in the SC, as the use of
this technique in controlling electrical machines leads to the
presence of ripples in the current and torque, and in addition,
reduces its durability [10]. To increase the durability and
efficiency of the SC, FOC is used to reduce and overcome
these aforementioned problems. However, FOC is one of
the oldest solutions that has been proposed [33], [34]. It
is a mathematical solution that has several characteristics
and advantages that distinguish it from other solutions. This
technique has been used in several fields, such as electronics
and control [35], [36], [37], [38], [39]. Using this technique
significantly improves system efficiency.

FOSC is a new nonlinear technique, which is designed
for the first time in this work to improve the current quality
and raise the efficiency of the DPC of the AG-MRWP. This
strategy is a combination of the advantages of both SC and
the advantages of fractional calculus, where robustness and
simplicity of the algorithm are among the features of this
new nonlinear method. However, the FOSC is a modification
of the SC technique, where the FOC is used to increase the
efficiency and characteristic of the SC. The FOSC can be
expressed by Equation (24). Equation (25) is the mathemati-
cal form of the proposed FOSC controller. This mathematical
model was obtained based on Equation (16) with the addition
of a special factional calculus to it. This mathematical model
has a unique feature: it plays the role of two different con-
trollers depending on the value of the gain µ.

u (t) = (T · ϕ̇ (x) + ϕ (x))µ (25)

where µ is a positive gain expressing the FOC. For example,
if µ = 1, the FOSC becomes a SC. To use the suggested

control, the condition µ >0 must be met. On the other hand,
µ is used to modify the response of the FOSC in a way
that allows obtaining high efficiency and greatly reducing the
current and torque fluctuations of the AG-MRWP system.

Figure 6 shows the FOSC to overcome the drawback of
the DPC. From this figure, the FOSC is not complicated,
easily accomplished, and simple structure compared to other
nonlinear strategies such as SMC and BC. As it is known
the SC and FOC are known for their high performance and
their insensitivity to the change of system parameters, which
makes the FOSC more robust and characterized by high
efficiency in improving the defects of any system.

FIGURE 6. Proposed FOSC technique.

IV. PROPOSED DPC-FOSC STRATEGY
DPC has been used to control the WP generation systems
for years due to its ease of implementation and simplicity
[1], [2]. This technique depends on regulating the Ps and
Qs by choosing the optimal voltage vector without measur-
ing the Qs, torque or Ps [4], [5]. In this technique, only
current and voltage are measured. These measurements are
used to estimate both the Qs and Ps. Compared to the FOC
strategy, the DPC offers a fast dynamic response [21], [22].
This method has several disadvantages, including the low
quality of the current (high THD value) and fluctuations at
the level of Ps and Qs [10], [11], [12], [13]. Also, if system
parameters change, this method is greatly affected due to the
use of traditional HCs. To overcome these shortcomings and
improve the efficiency of the DPC, it is suggested to use the
method proposed in Section III, which is the FOSC shown in
Figure 6.
The DPC based on FOSC techniques proposed in this

section of the paper is a development and modification of
both the DPC and DPC-SC. The DPC-FOSC with MPPT
strategy is an evolution of the DPC, in which HCs and ST
are eliminated and replaced by two FOSC algorithms and
PWM, respectively. This strategy is used to control the RSC
to reduce power ripples and increase the current quality. In
addition, the estimation of both Ps and Qs is used in this
new strategy, which affects this strategy in case of chang-
ing the values of the resistors (Rs and Rr ). The use of the
FOSC makes the DPC more robust and characterized by high
performance compared to the DPC and this is shown by the
results obtained in Section V. Also, this technique is easy to
implement and inexpensive, and the dynamic response can
be easily tuned due to a small number of parameters, which
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is good. Figure 7 represents the DPC-FOSC for controlling
the AG-MRWP system, where simplicity is one of the main
features of this technique. As seen, the reference voltage
vectors in the dq frame (Vrd∗ and Vqr∗) are transferred to the
rotor stationary frame (αrβr) and then are fed to the PWM.
εPs= Ps∗−Ps and εQs=Qs∗−Qs are the power variations in
one sample time, Qs and Ps are instantaneous Qs and Ps,
where Qs∗ and Ps∗ are the desired power set points.
In this control, two FOSC techniques are used to regulate

the Qs and Ps. However, PWM is used to control the rotor
inverter. This DPC-FOSC is different from the papers [5], [9],
[10], [27] in terms of the type of turbine used, the power of
the AG, and the type of controller used.

The DPC-FOSC depends on regulating the Qs and Ps
directly by using two FOSC techniques, without measuring
the Ps, flux (rotor and stator), and AG speed, to obtain the
requiredPs andQs. In this technique, only voltage and current
are measured. These measurements are used to estimate the
rotor and stator fluxes, where the estimated values are used to
calculate both Ps, and Qs of the AG-MRWP.

To estimate the Ps and Qs, we first need to estimate the
stator and rotor fluxes, which are estimated according to
Equation (26).

9rα =

∫ t

0
(Vr − Rr × irα)dt

9rβ =

∫ t

0
(Vr − Rr × irβ )dt

9sα =

∫ t

0
(Vs − Rs × isα)dt

9sβ =

∫ t

0
(Vs − Rs × isβ )dt

(26)

With: 
|9r | =

√(
92
rβ + 92

rα

)
|9s| =

√(
92
sβ + 92

sα

) (27)

where, t is the time,Vr andVs are the rotor and stator voltages,
9r and 9s are the rotor and stator fluxes, and Rr is the rotor
resistance.

Equation (28) represents the relationship between voltage
(stator and rotor) and flux (stator and rotor). This relationship
can be used to calculate rotor and stator fluxes from the rotor
and stator voltages.{ ∣∣V̄r ∣∣ =

∣∣9̄r
∣∣× wr∣∣V̄s∣∣ =

∣∣9̄s
∣∣× ws

(28)

To estimate the Qs and Ps in this method, Equation (29) is
used, where these estimated values are used to calculate the
error in the Qs and Ps (εPs and εQs).

FIGURE 7. Proposed DPC-FOSC technique of AG-MRWP system.


Qs = −

3
2

(
Vs

σ × Ls
×9βr −

Vs×Lm
σ×Lr × Ls

)
Ps = −

3
2
Vs×9rβ ×

Lm
σ × Lr × Ls

(29)

where, σ = 1 −
M2

LsLr
.

From Figure 3, the FOSC is used for calculating the ref-
erence values of both the quadrature and direct rotor voltage
(V ∗

qr and V ∗
dr ). Accordingly, these reference values are cal-

culated according to Equation (30). It is concluded from
Equation (30) that the Ps variation is regulated using the
q-axis rotor voltage, whileQs is controlled via the d-axis rotor
voltage {

V ∗
qr = (T · ε̇Ps + εPs)µ

V ∗
dr = (T · ε̇Qs + εQs)µ

(30)

where, εQs and εPs are the Ps and Qs errors, and µ is the
fractional calculus (µ ̸= 0), which can take both negative and
positive values.

If the value of µ is 1, the DPC-FOSC becomes the DPC-
SC, and this is a positive thing for theDPC-FOSCbecause it is
possible to switch from one controller to another by changing
only the value of µ. Equation (31) represents the Ps and Qs
errors: {

ePs = P∗
s − Ps

eQs = Q∗
s − Qs

(31)

The MPPT is used to calculate the value of Ps∗ (the refer-
ence value), where this value relates to the WS. In addition,
the value of Qs∗ is set at 0 VAR. Finally, Figure 8 represents
the FOSC in Equation (30) for the Ps andQs of the AG-based
MRWP system.
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FIGURE 8. Proposed FOSC active and reactive power controllers.

V. RESULTS
Simulation tests of the DPC-FOSC applied to AG driven
by a MRWP were performed under Matlab software, the
simulation scheme is presented in Figure 7. This work was
carried out using two different behaviors of WS, the first
represented a stepping behavior and the second represented
a random behavior, which allows studying different modes of
operation of AG.

The results obtained from the DPC-FOSC are compared
with those obtained from the DPC-PI, where they are com-
pared between these controls in terms of SSE and the ratios of
ripple reduction torque,Qs, and current. Also, the comparison
is in terms of the THD of the current. The parameters of the
AG with a power of 1.5 MW are as follows: Rs = 0.012 �,
380/696 V, Lr = 0.0136 H, J = 1000 kg.m2, Lm = 0.0135 H,
Rr = 0.021 �, fs=50 Hz, Ls = 0.0137 H, p = 2, and
fr = 0.0024 Nm/s.

A. THE FIRST TEST
The first test is to study the effectiveness of the DPC-FOSC
in comparison with the behavior of the DPC-PI in the case of
step WS, where the results obtained are shown in Figure 9.
Figure 9 represents the Ps, current, torque, and Qs of both
strategies. The Ps evolution depends on the mechanical speed
and follows its reference (Ps∗) very well, as presented in
Figure 9c. This ensures optimal power extraction. Its negative
sign indicates the generator’s operation. Therefore, the AG
always supplies the AC grid with its stator.

TheQs also follow its reference (Qs∗) with a constant value
of 0 VAR with low ripples for the DPC-FOSC, as shown in
Figure 9d. In addition, the Qs value is not related to the WS,
as it remains constant throughout the simulation.

The torque evolution is shown in Figure 9a, where it is
noted that the shape of the torque is related to the profile of
the Ps, and its value is affected by the WS with a preference
for the DPC-FOSC in terms of dynamic response and SSE.
The current takes the form of a sinusoidal, and its value is
related to the Ps, where the frequency is 50 Hz, as shown

in Figure 9b. The obtained currents are fed directly into the
network without any filters.

The THD of the obtained current is shown in Figures 9f
and 9e for both techniques. The THD for the current of
the DPC-FOSC was 0.13% and for the DPC-PI strategy
was 0.94%.Through these values, the proposed DPC-FOSC
improved the current quality significantly and the percentage
of reduction of THD value was about 86.17% compared to
the DPC-PI.

The amplitude of the fundamental current signal is greater
in the case of the DPC-FOSC (1889 A) compared to the
traditional control, where the value of the amplitude is 1888
A, which we can say that the DPC-FOSC is much better than
the DPC-PI.

Figure 10 represents the ripples for the Ps, current, torque,
and Qs of the two techniques. Also, the ripple values are
listed in Table 1. Through Table 1 and Figure 10, the DPC-
FOSC has excellently minimized the current, Qs, torque, and
Ps ripples compared to the DPC-PI, where the minimization
ratios were about 93.72%, 85%, 72.50%, and 80% for theQs,
torque, Ps, and current, respectively.

Table 2 represents the ratios and values of the SSE,
overshoot, and response time of Ps and Qs for the two
methods in the first test. The DPC-FOSC demonstrated
superior performance in terms of SSE value as compared
to the DPC-PI, as seen by the consistently low valuess..
And accordingly, the DPC-FOSC reduced SSE by rates esti-
mated at 94.55% and 93.72% for each of the Ps and Qs,
respectively. On the other hand, the DPC-FOSC reduced the
overshoot value for both the Ps and Qs and this was in
high proportions, as the minimization rates were estimated
at 85% and 98.59% for each of the Ps and Qs, respectively
(Table 2). However, the DPC-FOSC provided unsatisfactory
results in terms of response time for Ps and Qs, where the
DPC-PI gave a batter response time value compared to the
DPC-FOSC, and the ratios were estimated at 88.14% and
99.64% for both Ps and Qs, respectively, compared to the
DPC-FOSC.

TABLE 1. Ratios and values of ripples in the first test case.

B. THE SECOND TEST
In this test, the behaviour of the DPC-FOSC is studied com-
pared to the DPC-PI in the case of variable WS of Morocco
City of Al Hoceima (Figure 11), where the results obtained
are shown in Figure 12. Through Figures 12c and 12d, the
Ps and Qs track the references (Ps∗ and Qs∗) well with
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FIGURE 9. Results of the first test.

preference to the DPC-FOSC compared to the DPC-PI in
dynamic response and SSE, where the Qs remains constant
and equal to the value 0 VAR, the form of the development

TABLE 2. Ratios and values of the overshoot, SSE, and response time in
the first test case.

FIGURE 10. Zoom in the Qs, current, torque, and Ps (First test).

of the Ps takes the form of WS with the presence of ripples.
In addition, the Ps takes negative values, indicating the AG
operation.

The torque evolution depends on the Ps, as presented in
Figure 12a. From Figure 12a, it can be said that the torque
value is related to the value of the Ps. An increase in the value
of the Ps leads to an increase in the value of both current and
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FIGURE 11. WS profile.

TABLE 3. Ratios and values of the ripples in the second test case.

torque, but in the case of a decrease in the value of the Ps
leads to a reduction in the value of torque.

The evolution of the generated current (Isa) had a sinu-
soidal form with a constant frequency (50 Hz), as presented
in Figure 12b. The value of this current is related to the change
in WS, where the shape of the current change is the same as
the shape of the change in both theWS and thePs. Figures 12e
and 12f represent the THDvalues of the current for bothDPC-
PI and DPC-FOSC strategies, respectively. The DPC-FOSC
gave a lower value for THD for the current compared to the
DPC-PI, where the value of THD is 0.16% for theDPC-FOSC
and 0.77% for the DPC-PI, which makes the reduction ratio
to be about 79.22%. Through this ratio, it can be said that the
DPC-FOSC has greatly improved the quality of the current
compared to the DPC-PI. The amplitude of the fundamental
of the current signal for the DPC and DPC-FOSC is 2292 A
and 2293 A, respectively. With these values, the DPC-FOSC
provided a better value and this is desirable. The torque, Ps,
current, and Qs zooms are presented in Figure 13. From this
figure, it can be seen that the DPC-FOSC presented fewer
fluctuations compared to theDPC-PI. The values and ratios of
the reduction of these ripples are shown in Table 3. Through
this table, the DPC-FOSC reduces ripples by excellent rates,
estimated at 99.17%, 88.33%, 92%, and 93.45% for each of
the Ps, current, Qs, and torque, respectively.

The numerical results of this test are represented in Table 4,
as this table represents the values and percentages of reduc-
tion in response time, overshoot, and SSE of Ps and Qs for
both techniques ofAG-MRWP. So, it can be seen fromTable 4
that DPC-FOSC significantly reduced overshoot forces com-
pared to DPC-PI, where the reduction rates were estimated
at 64% and 93.02% for each of the Ps and Qs, respectively.
On the other hand, the DPC-FOSC provided unsatisfactory
results in terms of the response time of the powers, where the
values and ratios of reduction are represented in Table 4. The

DPC-PI reduced the value of response time with reduction
rates that were 90.90% and 99.47% for each of the Ps and
Qs, respectively, compared to the DPC-FOSC. Also, the SSE
value of the Qs and Ps are reduced by DPC-FOSC compared
to DPC-PI. Through Table 4, the DPC-FOSC improved the
SSE values for both the Ps and Qs, as the reduction ratio was
estimated at about 94.73% and 92% for each of the Ps and
Qs, respectively.

TABLE 4. Ratios and values of the overshoot, SSE, and response time in
the second test case.

C. THE THIRD TEST
In this test, the characteristic of the DPC-FOSC is studied
in the case of changing the generator parameters compared
to the DPC-PI, whereby Rs, Ls, Lm, Rr, and Lr are changed
to new values (Table 5). The WS used is the same as rep-
resented in Figure 11. Figure 14 represents the results of
this test. Despite changing the parameters of the generator,
both the Qs and Ps follow the references (Qs∗ and Ps∗) well
with an advantage to the DPC-FOSC in terms of ripples,
dynamic response, and steady-state performance compared to
the DPC-PI (Figures 14c and 14d). In addition, theQs remain
equal to the value 0 VAR, and the development of the Ps
remains largely related to the WS despite the change in the
parameters of the system.

Figures 14a and 14b represent the torque and current,
respectively. Similar to the evolution of Ps and current,
the torque evolution also exhibits considerable oscillations
at the level of the DPC-PI approach in comparison to the
DPC-FOSC. The latter minimized the THD of the current
compared to the DPC-PI by an estimated ratio of 87.34%
(Figures 14e and 14f). Through this ratio, it can be concluded
that the DPC-FOSC outperforms the DPC-PI and is more
durable when it comes to enhancing the quality of the cur-
rent despite changes in AG characteristics. The amplitude of
the fundamental of the current signal for the DPC-PI and
DPC-FOSC is 2292 A and 2297 A respectively. With these
values, the DPC-FOSC provided a better value and this is
desirable.

Figure 15 shows the zooms in the Ps, torque, Qs, and
current of both techniques. From this figure and Table 6,
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FIGURE 12. Results of the second test.

it is noticed that the DPC-FOSC is not affected much by the
change of system parameters compared to the DPC-PI due to
the use of the FOSC. Also, it is noted that the DPC-FOSC
minimized the ripples by 93.19%, 96%, 91.66%, and 92.81%
for each of theQs, torque, Ps, and current, respectively. These
resultsmake theDPC-FOSCone of the best strategies that can
be suggested for controlling electrical machines.

TABLE 5. variable parameter values.

Table 6 represents the numerical results for answer time,
overshoot, SSE of Ps and Qs for both techniques in third
test. From this table, the DPC-FOSC minimized the value of

TABLE 6. Ratios and values of the ripples in the third test case.

the SSE for the Ps and Qs compared to the DPC-PI, where
the reduction ratios are estimated by 88.32% and 62.30%
for the Ps and Qs, respectively. On the other hand, the val-
ues and percentages of exceeding the limit value for both
Ps and Qs are better when using DPC-FOSC compared to
DPC-PI. So, the DPC-FOSC strategy reduced the overshoot
value by 97.28 and 92.75 percent for Qs and Ps, respec-
tively, compared to DPC-PI. These percentages indicate the
high efficiency of the proposed control. However, the DPC-
FOSC strategy provided unsatisfactory results with regard to
the answer time for both Qs and Ps compared to DPC-PI,
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FIGURE 13. Zoom in the current, reactive power, torque, and Ps (Second
test).

as the DPC-PI strategy reduced the answer time by per-
centages estimated at 98.61% and 99.25% for Qs and Ps,
respectively.

TABLE 7. Ratios and values of the overshoot, SSE, and response time in
the third test case.

FIGURE 14. Results of the third test.

Finally, the DPC-FOSC is compared with some published
strategies in terms of the THD of the current. The results
are recorded in Table 8, where the DPC-FOSC improved
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FIGURE 15. Zoom in the Qs, current, torque, and Ps (Third test).

the THD of the current compared to some techniques such
as DPC, FOC, and DPC-PI. Accordingly, it can be said
that the DPC-FOSC is among the best techniques to be
proposed for controlling electrical machinesAdditionally,
the use of the DPC-FOSC has been seen in the field of
renewable energy, as well as in the enhancement of power
quality.

In Tables 9 and 10, a comparison between DPC-FOSC
and some existing controls used in wind energy is pre-
sented in terms of power ripple reduction ratios and response
times for Ps and Qs. These two tables provide a clear
picture of the distinguished performance and high effi-
ciency that characterize the proposed strategy in reducing
ripple values by very high percentages compared to those
in some works. In addition, the response time provided is
the best and shortest for Ps and Qs compared to the times

TABLE 8. Comparison of the obtained results with those reported in
reference control schemes proposed in the literature.

TABLE 9. Comparison in terms of energy ripple reduction rates.

provided by some existing strategies. So these two tables
refute everything mentioned above and make this strategy the
appropriate solution in the future to control various industrial
systems.

VI. CONCLUSION
In this study, a system for generating electric power from
wind was proposed using MRWP, where an asynchronous
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TABLE 10. Comparison in terms of response time reduction rates.

generator is used to generate electricity. This system is con-
trolled by a new control characterized by durability, simplic-
ity, and ease of implementation to raise the quality of power
and current and improve the effectiveness of the system in
the closed loop. To boost the performance indicators of the
AG-MRWP system, the suggested control method combines
DPC, synergetic control, and fractional-order control. This
combination exploits the advantages of each strategy. The
advantages of the DPC are its simplicity, quick dynamic
reaction, and ease of implementation. The synergetic control,
lesseneffectively attenuating power ripples, and lessening the
chattering phenomena issue. To address the drawbacks of the
DPC and enhance the quality of the current output, fractional
calculus is advantageous.

Two different wind speed behaviors were chosen to study
all AG operating modes and verify the robustness of the DPC-
FOSC. Random WS behavior was chosen to cause AG to
operate in several operating modes (sub, super, and simulta-
neous modes). In addition, a third test was proposed to study
the robustness characteristics of the DPC-FOSC in case of
system parameter changes, and the results and high perfor-
mance of the DPC-FOSC were compared with the results
of the DPC represented by DPC-PI. The simulation results
showed the high performance of the DPC-FOSC in mini-
mizing the active power and torque ripples, good dynamic
responses, and low THD (<0.16%) of the generated current
with a fixed network frequency of 50 Hz. Future publications
will focus on applying artificial intelligence methods, such as
neural networks, to suggest more effective ways that may be
applied to other electrical machines.

APPENDIX
A. PARAMETERS OF THE PROPOSED CONTROLLER
Table 11 represents the FOSC parameters used to control the
AG power, where the values used are the same as those used
for the Ps and Qs.

TABLE 11. Parameters of the FOSC.

B. PARAMETERS OF THE MRWP SYSTEM
Table 12 represents the parameters used in the numerical
simulation of the MRWP system.

TABLE 12. Parameters of the MRWP system.
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