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This paper studies the possibility of connecting Wind Farms (WF) to the electric grid with the use

of finite space model predictive command (FS-MPC) to manage wind farms to improve the quality

of the current output from the doubly-fed induction generator (DFIG) with considering fault ride-
through technique. This proposed system can generate active power and enhance the power factor.
Furthermore, the reduction of harmonics resulting from the connection of non-linear loads to the
electrical grid is achieved through the self-active filtering mechanism in DFIGs-WF, facilitated by the
now algorithm proposed. FS-MPC technique has the ability to improve system characteristics and
greatly reduce active power ripples. Therefore, MATLAB software is used to implement and verify
the safety, performance, and effectiveness of this designed technique compared to the conventional
strategy. The results obtained demonstrated the effectiveness of the proposed algorithm in handling
the four operational modes (Maximum power point tracking, Delta, Fault, and Filtering). Additionally,
the suggested technique exhibited flexibility, robustness, high accuracy, and fast dynamic response
when compared to conventional strategies and some recently published scientific works. On the
other hand, the THD value of the current was significantly reduced, obtaining at one test time the
values 56.87% and 0.32% before and after filtering, respectively 27.50% and 0.26% at another time
of testing, resulting in an estimated THD reduction percentage of 99.43% and 99.05%, respectively.
These high percentages prove that the quality of the stream is excellent after applying the proposed
strategy.

Abbreviations

PWM Pulse width modulation
DPC Direct power command
VC Vector command

PC Predictive control

SVM Space vector modulation
PF Power factor

WP Wind power

WS Wind speed

DTC Direct torque command
SSE Steady-state error

MPC Model predictive control
WF Wind farm

DFIG Doubly-fed induction generator
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GSC Gird side converter

RSC Rotor side converter

NN Neural network

SMC Sliding mode command

SC Synergetic command

FOC Field-oriented command

BC Backstepping command

PLL Phase-locked loop

HC Hysteresis comparator

STA Super-twisting algorithm

Al Artificiel intelligent

MFPCC Model-free predictive current control
IOFL Input-output feedback linear
FCS-MPC  Finite-control-set model predictive control
PFR Primary frequency response

PI Proportional-integral controller

Ps Active power

Is Stator current

Ir Rotor current

Qs Reactive power

The continuous progress in the research field, especially in the field of electronics and the large consumption
of electrical energy, led to the search for electronic elements such as semiconductors with high flexibility and
high voltages to use them in high energies such as 1.5 MW or 20 MW. In the field of power generation, power
transformers are widely relied upon, as these transformers consist of very sensitive electronic components'. The
poor performance of an inverter used in power systems is among the things that lead to several problems such
as increased power ripples, poor power quality and the existence of harmonics, which is undesirable, causing
disturbances in the network and thus an operation malfunction of other devices and systems. Also, among other
problems, especially in the field of high energies, there are no electronic elements that can withstand high volt-
ages and large current intensities, which increases frequent malfunctions. The latter increases the maintenance
bill, which is undesirable. Therefore, choosing these electronic elements that make up the inverter and the power
systems is one of the priorities that must be taken care of in order to obtain a high-performance inverter and a
highly efficient power system. In addition, the use of power transformers in the field of renewable energies is
accompanied by a set of challenges and difficulties due to their classification as non-linear loads, which leads to
undesirable effects on the electrical network. The latter must be characterized by several features such as stability
and durability for the good operation of electrical systems?.

Non-linear loads absorb non-sinusoidal currents, acting as generators of reactive power (Qs) harmonics
causing power factor (PF) degradation, which is undesirable. As it is known, the PF should be as close as pos-
sible to the ideal value of 1, as this value implies a good generated power quality. Consequently, if the value is
less than 1, then the system does not work optimally and results in a low quality of the generated energy, which
creates problems and faults in the network®. So, through this factor one can know the level of efficiency of the
energy system and improvement of energy characteristics, as well as the degree of overcoming the problem of
ripples. Therefore, it is necessary to pay attention to this factor and improve it. To overcome this problem and
ensure a high-quality of the power transmitted to the network, parallel active filters are used as a suitable solution
for power generation systems®. These filters are devices whose role is to improve energy quality and overcome
problems in energy systems, as they consist of electronic elements such as relays. Also, these filters need control
strategies such as reflectors. As is known, the inverter can be used as a power filter and therefore the concept of
a single-phase filter and a three-phase filter appear in the specialized literature. These filters play a major role
in improving power quality, cleaning the network, reducing harmonic currents, and effectively compensating
Qs, thus obtaining a highly stable electrical network®. The stability of systems or networks is one of the most
prominent problems in energy systems, as this characteristic must be taken care of and achieved in order to
obtain good operation and excellent results in terms of power quality and current.

Power generation systems are different and dependent on energy sources used in generation, where traditional
sources such as gas and coal are found and these are undesirable and cause environmental problems. These
problems are represented in toxic gases, as these gases lead to unknown diseases and affect the environment
greatly (the phenomenon of global warming)®. In addition to these problems, the high cost of electricity genera-
tion and consumption causes more problems with the increase in energy demand, especially at peak electricity
consumption, which has led many governments to resort to importing electricity, which is an undesirable matter
because the external debt increases. The latter has become a major problem for some countries, which has forced
these countries to resort to other more efficient solutions. Renewable resources are among the most prominent
solutions that replaced the use of traditional resources in recent years because of their free and easy access to
them, as the use of these resources leads to great protection of the environment compared to traditional sources’.
Renewable energy sources, unlike traditional energy sources, are available throughout the world and are avail-
able throughout the year without cost, which makes their use unconditional, as their use in generating energy
reduces the costs of producing and transmitting electrical energy and helps distribute it. The use of renewable
sources does not lead to the release of toxic gases, which is of great importance for the environment. In addition,
the use of these sources leads to a reduction in the bill of production and consumption of electric energy, which
helps human and economic development in general®.
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Wind power (WP)?, solar energy'?, and water energy'! are among the most prominent power sources that are
widely used at present around the world in the field of electric energy generation because of their ease of access
and their permanent availability throughout the year. But WP is among these sources spread across land and
sea because of the low cost of completion and the possibility of obtaining greater energies by developing wind
farms (WFs) containing a large number of turbines designed to convert WP into electricity'?. This technology in
generating electrical energy depends on converting WP into mechanical energy and then generating electrical
energy from mechanical energy, as it is necessary to generate sufficient energy from the wind for the purpose of
obtaining electrical energy, which requires the use of turbines. The latter are mechanical converters that have the
ability to convert WP into mechanical energy, as the size of this turbine is related to the amount of mechanical
energy generated. Therefore, the integration of WP into the electric power generation infrastructure is of great
importance and this is by harnessing the possibility of it working as an energy generator and at the same time as
a system services provider, which makes WP at the forefront of sustainable and flexible energy solutions across
the world in the future. The use of WP as an alternative solution in power generation is not limited to reducing
toxic gases and protecting the environment, but rather its use leads to enhancing system stability and increasing
the efficiency of energy networks significantly'?.

In the future, the WP generation system will have a major role in the future energy generation scene and
change the course of life, as the WP generation system is not limited to an active power (Ps) generator in the
distribution network, but goes beyond much more than that. The generation system based on WP provides
basic services similar to traditional power plants based on gas or coal, where in this system Qs is compensated
and harmonic distortions are effectively mitigated, which helps to stabilize the energy generation system and
increase its efficiency. Thus, wind turbines (WTs) contribute to a cleaner and more reliable electrical grid which
is desirable'*. Moreover, the use of WTs will significantly help reduce the cost of production, transmission, and
distribution of electrical energy compared to traditional sources. Also, reducing the electrical energy consump-
tion bill and thus eliminating all problems found in traditional systems.

Traditionally, WTs are the component responsible for converting WP into mechanical power, where the
power gained is largely related to the size of the turbine'>!*. These systems rely heavily on energy gained from
the wind to generate electrical energy, as in order to obtain greater electrical energy, a turbine with large dimen-
sions must be used, which makes it difficult to achieve on the ground. Also, giant turbines are characterized by
complex technology, which increases costs, which is undesirable and increases the cost of energy production and
consumption. Therefore, a more effective solution was thought of to overcome this problem and reduce costs.

In recent years, a new turbine has appeared under the name of the multi-rotor WT'>!6, where several WTs
of different capacities are used to form one turbine to increase the energy gained from the wind and increase
the stability of the system. This new turbine has several advantages compared to traditional turbines that make
it the appropriate solution, as its use reduces the size of the turbines and the costs of constructing the turbines,
and this helps greatly in reducing the costs of producing electrical energy. In addition to reducing the area of
WPFs, which is desirable. As is known, wind farms occupy a large area of land, which increases costs, which is
undesirable. But the use of this new technology for turbines will lead to a revolution in the production of elec-
trical energy, as this technology is in continuous development despite its modernity. On the other hand, this
technology is expensive, complex, difficult to control, and contains a large number of mechanical components
compared to traditional WTs, which makes periodic maintenance very expensive!”. However, these WTs provide
20% to 30% more energy than conventional turbines, which is a good percentage'®'®. On the other hand, in the
case of variable wind speed (WS), the doubly-fed induction generator (DFIG) is very suitable, as the rotational
speed is controlled by feeding the rotor and thus controlling the amount of energy generated. This generator
is directly connected to the electrical grid from the static part without using any transformer, which reduces
the cost of the generation system, which is an advantage not found in synchronous generators of all kinds. In
addition, DFIG has several other advantages such as low cost, durability, low maintenance, ease of control, and
its great ability to give good performance in the case of variable WSs. All these features make DFIG one of the
most reliable solutions in the field of generating electrical energy from wind.

In the generation system that depends on the use of DFIG, two different inverters are used, the first task is to
convert the alternating voltage into a continuous voltage and it is called the grid side converter (GSC) and the
second task is to convert the output voltage of the GSC into an alternating voltage less than the grid voltage to
feed the moving part of the machine It is called rotor side converter (RSC)?!. These two inverters need a control
strategy, as the control strategy chosen to control the inverters plays a big role in the quality of the power sent
to the grid. In addition, a separate control inverter is used for each inverter, so the two inverters can use the
same type of command (two similar strategies) or each inverter has its own command (two different strategies).
Simplicity of control, durability, ease of implementation, and cost are almost the most prominent challenges
for any reliable energy system for generating electrical energy, as these characteristics play an important role
in implementing the energy system and thus in reducing the bill for production and consumption of electrical
energy. Therefore, it is necessary to pay attention to these features before implementing any energy system. In
addition, the number of gains of the control strategy is one of the most prominent factors through which the
system’s response can be adjusted and good results can be obtained, as the fewer the number of gains, the easier
it is to use smart strategies to determine the optimal values for these gains.

As it is known, there are many different control strategies, and each strategy has characteristics and advantages
that make it suitable for some applications and not suitable for other applications. The most famous of these
commands can be mentioned as direct power command (DPC)??, vector command (VC)?, field-oriented com-
mand (FOC)*, predictive command (PC)%, sliding mode command (SMC)?, direct torque command (DTC)?,
passivity command?®, high-order SMC?, synergetic command(SC)%, fractional-order command®, intelligent
command?*2, hybrid command***, and backstepping command (BC)**. All of these mentioned strategies were
applied to DFIG, where some strategies showed high performance such as BC technique and PC technique in
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improving the characteristics of the WP generation system such as current quality and robustness compared to
some strategies such as FOC technique and DTC technique. However, these strategies have a defect represented
in the complexity and difficulty of implementation, which makes the cost of the system rise, and this is inac-
ceptable. In addition, these techniques are related to the system parameters, which creates several problems in
the event of a malfunctions in the machine, which is not desirable at all. Techniques such as DTC technique and
DPC technique are among the best controls that can be relied upon in the field of renewable energies because of
their simplicity, ease of implementation, dynamic speed, and low cost compared to several techniques such as
BC technique and passivity controls. These strategies rely on using a switching table (ST) to generate the pulses
needed and two hysteresis comparators (HCs) to operate the inverter and control the characteristic quantities
(such as torque, power, and flux). So, in these strategies, there are no gains that can be changed, and this is an
advantage that makes these strategies a reliable solution. However, these strategies are characterized by several
drawbacks that limit their spread despite the simplicity and ease of implementation that characterize them. These
drawbacks can be identified in energy ripples, low current quality, and durability. Power quality and current are
two of the most prominent problems in power systems that rely on turbines. These drawbacks can be attributed to
the use of discrete value estimation, where the estimation process is related to the machine parameters (resistance
Rs), which creates time delay problems and this is undesirable**. DTC technique and DPC technique offer high
performance and good robustness compared to VC technique and FOC technique. The latter two rely heavily
on the use of a proportional-integral (PI) regulator to command the Ps and Qs of the DFIG, which makes them
less efficient in case of system parameters change. In addition, pulse width modulation (PWM) technique is used
in these strategies to produce the necessary control pulses for the inverter, which creates high frequencies at the
output of the inverter, and this may cause problems in the machine®. Also, the negative of these strategies (VC
and FOC) lies in their reliance on knowing the mathematical model of the machine accurately, which makes it
greatly affected in the event of a malfunction in the system, which is not desirable. The use of a mathematical
model makes these strategies complex and difficult to implement in the case of complex systems. Therefore,
it is necessary to search for other strategies with high performance, great durability, high efficiency, and great
effectiveness in overcoming defects and problems.

Artificial intelligence (AI) is one of the most prominent topics of the hour because of its ability to over-
come several problems and compensate for traditional controls, as Al strategies are considered one of the most
prominent solutions in the field of renewable powers because of their high durability, its ability to operate in
difficult conditions, easy application, and does not consume as much energy as it is. Most Al strategies depend on
experience in application, as they do not need to know the exact mathematical model of the system under study,
which makes them very suitable for any system. Moreover, it does not require a specialist or require great effort
or costs, as it only requires knowing the number of entrances or exits. These strategies can be used to determine
gain values, which is a good thing that helps improve dynamic response and overcome defects and problems. The
case is in conventional strategies, which are strategies that are not related to the system, which gives it the ability
to improve the characteristics of the system in the event of a defect”. Al strategies are diverse, where the most
famous are neural networks (NNs)?*, genetic algorithms®, fuzzy logic*, grey wolf optimization*', ant-colony
optimization*, particle swarm optimization®’, neuro-fuzzy algorithm*, etc. These smart strategies were used to
overcome the shortcomings of several techniques such as DPC technique*’, DTC technique, VC technique?’,
SMC technique*®*, and third-order SMC technique® of DFIGs. The use of smart strategies in these aforemen-
tioned works has greatly improved the characteristics of the systems and strategies compared to traditional
strategies, as in most of these works, traditional controllers are replaced with smart controllers with distinctive
performance and high accuracy. For example, in the DTC technique and DPC technique, the switching table
was compensated by the NN technique in order to generate the pulses needed to operate the inverter*®*!, where
the use of this smart strategy led to a significant reduction of the Ps and Qs ripples while increasing the quality
of the current compared to the conventional controls. In addition, it is noticed that the system has become more
durable in the event of a malfunctions in the machine, which is a very good thing. One of the solutions that gave
a good effect in the case of changing the system parameters is the hybrid controls, which is the combination of
controls that are different or similar in principle and characteristics. One of the most prominent examples of
combining controls can be found with the combination of BC technique and SMC technique to control DFIG¥,
where the resulting strategy (BC-SMC) is characterized by complexity and difficulty of implementation, especially
in large systems. However, it provided excellent results in terms of improving system characteristics in the event
of a system malfunctions compared to the DPC technique. This strategy uses capabilities estimation, as it uses
the same estimation equations found in the DPC strategy. The results obtained from the MATLAB environment
showed the superiority of the proposed strategy over the traditional strategy in terms of response time, power
ripples, current quality, and robustness. However, the problem of energy ripples remains, which is undesirable
and requires the use of a filter with the proposed system, which increases costs and this is undesirable. Instead,
the strategy resulting from the combination of STA and SC techniques™ is simple, uncomplicated, highly efficient,
robust, and can be easily accomplished compared to many other strategies. The SC-STA controller was used to
overcome the problems and drawbacks of the DPC technique of DFIG strategy and power control. In addition to
using the SC-STA controller, the PWM strategy was used to control the inverter and reduce the degree of system
complexity. The DPC-SC-STA strategy was implemented in a MATLAB environment using a 1.5 MW DFIG with
variable WS for the purpose of studying the behavior compared to the traditional strategy. Simulation results
showed the superiority of the DPC-SC-STA technique in terms of reducing power ripples and current quality
compared to conventional DPC technique and several other strategies.

Another effective strategy was obtained by combining SMC technique and SC technique to reduce power
ripples and increase the efficiency of DFIG*, where the resulting controller was used to overcome the defects
of the DPC technique. The HCs were eliminated and replaced by two SC-SMC techniques to command the Ps
and Qs. Moreover, PWM technique was used to command a two-level inverter. The advantage of this control is
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simplicity, robustness, and ease of implementation. This proposed strategy was implemented in order to overcome
the problem of low power quality and durability in the DPC strategy, as the MATLAB environment was used
for the purpose of implementing and verifying the validity and safety of this algorithm. Using different tests, the
proposed strategy proved its worth in improving the system properties compared to DPC technique and some
other controls. However, the problem of energy ripples remains as a result of the use of the filter capacitor, and
this appears clearly in the case of changing the parameters of the machine, which causes new research to obtain
more efficient solutions for DFIG control.

The PC strategy remains one of the types of nonlinear controls that gave very satisfactory results, as it is an
algorithm that differs from many commands in principle, degree of complexity, simplicity, and robustness®.
This strategy is based on a predictive model of the process, which predicts future outputs based on historical
information about the process and expected future inputs. This strategy depends on the mathematical model
of the carefully studied system, which makes it difficult to implement in the case of complex systems, which is
undesirable. Its use gives good results and significantly improves the characteristics of industrial systems. Thus,
this strategy emphasizes the function of the model, not the structure of the model®. This strategy has been
used in many different fields* . It has been used since the eighties of the last century in process industries in
chemical factories and oil refineries. In*, PC technique was used to command the DFIG power. PC technique
was used to overcome power fluctuations and greatly increase the system’s robustness. This strategy uses power
estimation to calculate the power error. Compared to the DPC strategy, the PC strategy is more complex and
requires knowledge of the mathematical model of the machine. The MATLAB environment was used to imple-
ment this strategy, with comparison to traditional control, where the results showed a high performance in
improving the current quality compared to the conventional command. In*’, a DPC technique based on the PC
technique was used to command the shunt Ps filter to improve current quality and increase system robustness.
In this work, the PC technique was used to overcome the shortcomings of the DPC strategy, as the two HCs and
ST were eliminated and replaced with both the PC algorithm and SVM technique. Using the latter increases the
degree of complexity and makes the system more expensive, which is undesirable. But using the SVM technique
increases the quality of the stream significantly. In addition, in addition to using the SVM strategy, the phase-
locked loop (PLL) strategy is used to increase the stability and robustness of the system. The negative side of
using the PLL strategy is the increase in the complexity of the system, the difficulty of implementing it, and the
increase in its cost, which is undesirable. The proposed command was implemented using MATLAB software
and this is in the case of different tests, where the results showed superiority of DPC-PC technique compared to
the DPC technique in terms of current quality. According to the work done in®, model PC (MPC) is a strategy
in which the control actions computed by the cost function are reduced to a dynamic system constrained on a
finite and receding horizon, where at each time step, the MPC regulator receives or estimates the current state
for the factory. A comparison of MPC technique and PI control can be made to indicate the effectiveness of PC
technique, as MPC technique takes less time to reach the set point under steady-state error (SSE) conditions,
and the offsets are smaller compared to the PI controller. In most applications dealing with PC technique, MPC
technique proves to be superior in performance compared to PI controller results®’. In general, this control is an
advanced process control strategy that is used to control the process while meeting a set of constraints, where
MPC technique has a major advantage that makes it allow to improve the current lead time while keeping the
future periods in the calculation and this is done by optimizing a limited time horizon, So it executes the current
time period and then optimize again, recursively. PC technique is different from square linear regulators because
it can anticipate future events and can take control actions accordingly, which is not present in PI controllers.

As is well known, torque ripples are undesirable in power generation systems, as they can cause malfunctions
in the mechanical components of the system, leading to a reduction in the life of the power train and the system
as a whole. Also, it increases the periodic maintenance and thus the industrial cost. In%, the author proposes
a new DTC technique for eliminating torque ripples for DFIG by using a PC technique. The proposed DTC-
PC strategy differs from the traditional strategy in terms of concept, complexity, simplicity, durability, ease of
implementation, number of gains, cost, performance, and is related to the mathematical model of the machine.
In the DTC-PC strategy, the ST and two traditional HCs are eliminated and replaced by SVM and PC algorithms.
The DTC-PC strategy uses the same torque and flux estimation equations found in the traditional DTC strategy,
where this estimation is used to calculate the error in torque and flux. Estimating torque and flux are among
the most notable drawbacks of this proposed strategy, in addition to the complexity and use of a mathematical
model of the machine. In addition, this strategy results in low losses compared to the DTC strategy. For this, the
DTC-PC strategy directly operates with the best rotor voltage space vector to reduce torque ripple and tracks
the specified rotor flux amplitude to reduce losses, with no current control chain. As confirmed by simulations
and experiments, the PC technique allows large stator frequency variations as required by the optimal flux order
for minimal losses, while ensuring efficient torque ripple compensation.

The conventional model-free predictive current command (MFPCC) strategy of DFIG introduces high rip-
ples for constant power and current harmonics, which is undesirable. This control uses only eight fundamental
voltage vectors for a two-level transformer, causing distortion of the rotor and stator currents of DFIGs under an
imperfect electrical grid unless special measures are taken. In®, an idea is proposed to overcome the drawbacks
of the MFPCC technique. In the suggested solution, an extended finite command set (with 20 voltage vectors
instead of 8 as in the traditional finite-command set) is used to improve the SSE. Also, the stator reference cur-
rent is calculated so that sinusoidal and balanced stator currents are obtained even under a non-ideal electrical
grid. The proposed strategy to overcome the problems of the MFPCC technique is characterized by complexity,
high cost, and difficulty of implementation compared to the traditional strategy. The proposed strategy for the
MFPCC technique was implemented in a MATLAB environment using variable WS. To show the superiority
of the proposed control, the simulated results were compared with each of the MFPCC technique and MPC
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technique, where the results confirmed its superiority and its great effectiveness in improving the properties of
DFIG-based WT systems.

Another paper on PC technique® presents a fixed reference frame implementation of an iterative PC tech-
nique module under ideal and non-ideal stator voltage conditions. In this work, MPC technique and redundant
control techniques are combined to control the DFIG power without the need to use the PLL technique. Moreo-
ver, in this proposed strategy it is not necessary to know the harmonic content of the non-ideal stator voltage
beforehand but in this case, given the nature of the distortions, the use of PLL technique is necessary to estimate
the phase angle and magnitude of the voltage fundamental component. This implies a significant advantage over
previous techniques because no special considerations are needed on the mathematical model of DFIG. The
proposed strategy was first implemented in the MATLAB environment using variable WS, while extracting the
necessary graphical results in order to compare them with the results of the traditional strategy. The graphical
results obtained showed the high performance of the proposed strategy compared to the traditional strategy.
On the other hand, the proposed strategy was implemented experimentally using dSPACE 1104 in ideal and
non-ideal network conditions, where DFIG was operated under variable rotor speed. The experimental results
obtained greatly confirm the validity of the simulation results. Moreover, the experimental results show that the
proposed PC technique is superior to the classical MPC technique in terms of power ripples and current quality.

In the field of control, optimal operation and reliable control are essential to ensure high efficiency and high
ability to follow the loads of the systems, especially power generation systems from WP. Optimum operation and
high performance are difficult to achieve using traditional linear controllers such as PI control. This is because
generation systems are non-linear and contain many uncertainties. In some cases, it leads to a deterioration in
the performance of the DFIG-based generation system in unbalanced conditions on the power grid, which is
undesirable and increases the economic bill. In%, the author proposes a new nonlinear modeling strategy for
DFIG considering non-equilibrium electrical grid conditions and that the dynamics of DFIG are nonlinear. In
this work, a nonlinear PC technique for DFIG power control is derived, in which the prediction is based on an
input-output feedback linear (IOFL) scheme. Also, control is derived by optimizing an objective function that
takes into account economic and tracking factors under realistic constraints. Using the IOFL strategy increases
the complexity and cost of completion, and this is undesirable despite the results obtained. Complexity is one of
the most undesirable negatives, as it helps increase energy consumption. The suggested strategy was implemented
using MATLAB software, where the results showed that the proposed strategy effectively reduces the erosion
of the generation units under normal electrical grid conditions compared to the classical technique. Also, the
proposed controller can significantly reduce rotor overcurrent under unbalanced electrical grid conditions and
thus improve the ability of grid-connected WTs to withstand grid voltage faults.

The work done in® presents a new methodology for primary frequency response (PFR) in a micro-grid
through Finite-Control-Set Model PC technique (FCS-MPC) plus dangling control applied to GSC for DFIG.
The FCS-MPC strategy proposed in this paper is a new strategy, different from the PC strategy, which increases
the durability and significantly reduces power ripples, overcoming the problems and disadvantages of the PC
strategy. This proposed strategy has many advantages, such as high performance and efficiency in improving
performance, increasing durability, and overcoming the problem of changing system parameters. In this work,
the RSC is responsible for keeping the WT running at its maximum power point (MPP) extraction in the event of
a disturbance, while the GSC is responsible for processing the power required to re-establish the fine-frequency
grid at its rated value. In addition, energy is stored in the battery storage system (BESS) connected to the DC link,
the value of which is determined via FSC-MPC technique by continuously adjusting the value of the droop gain.
The proposed command has significant benefits such as continuous operation when MPP is extracted, energy
injection proportional to frequency imbalance, ability to impose constraints through command, and it does not
use any type of communication between the storage and control system. FCS-MPC technique aims to limit the
gain of the dangling controller, which increases the power needed to control the frequency of the fine grid. The
simulation is used to verify the performance of the designed technique for an unexpected island of the small grid
under different WS scenarios, where the simulation shows that the DFIG equipped with the designed technique
can provide auxiliary services such as PFR in all different operating modes. In%, an analytical method for design-
ing weight matrices based on a pseudo-algebraic Riccati equation named Fake Algebraic Riccati Equation (FARE)
is proposed to ensure the stability of the DFIG-based control system. The simulation results are used to choose
the required control horizon and the desired prediction horizon, taking into account the SSE and computational
cost. Moreover, the designed technique of the DFIG vector control model, the MPC theory and the FARE formula
were verified by simulation and experiment. The experimental results validate the simulation results, confirming
the superiority of the proposed strategy in terms of improving the DFIG properties compared to the traditional
strategy. Work®® proposes a low-complexity model strategy based on direct predictive power command (LC-
MPDPC) for DFIG under balanced and unbalanced electrical grid conditions. Appropriate formulations of the
LC-MPDPC strategy are obtained by using the detailed analysis of the mathematical model of DFIG, in which
a unified energy compensation strategy is proposed to flexibly achieve different control objectives during the
unbalanced network condition. The LC-MPDPC strategy differs from the DPC strategy and some controls, as
the ST and two HCs are not used in this proposed strategy. Also, the LC-MPDPC strategy relies on capacity
estimation like the traditional strategy, which makes it affected in the event of a malfunction in the system. Com-
pared to the DPC strategy, the LC-MPDPC strategy is characterized by a greater degree of complexity, difficult
to implement, expensive, related to the mathematical model of the generator, and the presence of a significant
number of gains. However, this strategy has outstanding performance in reducing power ripples and increasing
the quality of the current. Also, it has great robustness compared to the traditional strategy. The designed tech-
nique was implemented experimentally using dSPACE 1104 card, where the obtained experimental results were
compared with the DPC technique results under the balanced network condition. Experimental results prove
the superiority of the LC-MPDPC technique over DPC technique for the DFIG system under the condition of
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an unbalanced network with the satisfactory dynamic response when the control target changes. In®, the PC
technique of the finite-control-set model-predictive command (FCS-MPC) for the DFIG system is presented, in
which the switch states of the GSC are directly taken as control inputs. Therefore, the improved control procedure
can be applied directly to the GSC. The proposed control has a salient feature that makes it better than current
FCS-MPC approaches, as this feature is reduced computation time. In the proposed control, a set of enhanced
decision variables is introduced and the original FCS-MPC technique intractable binary quadratic programming
problem can be transformed into a binary linear programming problem that can be solved efficiently. Thus, the
calculation time of the proposed scheme is much less than the time of other strategies schemes, as this reduction
in calculation time leads to better control performance with longer forecast horizons.

In recent years, advancements in WF technologies have become pivotal in addressing the challenges associated
with renewable energy integration into the existing power grid. A significant contribution to this field is found.
In"°, which presents a comprehensive analysis of WF power dispatching, emphasizing local power manage-
ment and controller units. The authors propose a novel local power management algorithm for Qs production
in individual wind generators. This algorithm considers three operational modes of the WF and incorporates
the maximum Qs of the GSC and the DFIG. It relied on conventional control based on the PI controller. In”},
the integration of WFs into the power grid is addressed, focusing on the efficient management of Ps and Qs.
Utilizing squirrel cage induction generators and back-to-back converters, the research employs a proportional
distribution algorithm for optimal power allocation to individual WTs. The study emphasizes the development
of local power management and control units for WTs to extract maximum power from the wind and meet
predetermined requirements. The proposed strategies ensure the safe integration of WFs into the electrical grid,
respecting grid code requirements and power system stability. In”?, a critical examination of a WF with DFIGs
during partial load operation is presented. Two equivalent models are compared to a detailed model, focusing
on different aggregation methods. The second model, which aggregates only the electrical systems for each WT
group (WTG), closely mirrors the detailed model’s response. The study applies power control and management
to this second aggregated model, utilizing a PI controller for regulating Ps and Qs., proving effective across three
operating modes. In addressing”® demonstrated significant advancements. Their study, ‘Grid synchronization
of WFs with DFIGs using nonlinear integral BC technique, employs a semi-aggregation method to obtain an
equivalent WF model. The main focus is on achieving effective synchronization between the WF and the electrical
grid by controlling the rotor currents of DFIGs. Through a comparative study with a PI controller, the nonlinear
integral BC (IBSC) algorithm proves superior, offering enhanced efficiency and performance. Addressing the
challenges posed by increased WP integration, Atallah et al.” introduces a supervisory control strategy. Focused
on a 50 MW WEF with pitch-controlled turbines, the strategy enables Ps and Qs. control, incorporating automatic
voltage and frequency control with droop and dead band. The study evaluates the strategy’s performance against
Danish TSO requirements, highlighting its potential in enhancing grid stability during the rise of WP penetra-
tion. In ’supervision and operation of a large WF connected to the electrical grid, Atallah et al.” introduces
an innovative system for managing a WF connection to the electrical grid. The proposed algorithm optimally
distributes Ps and Qs references to individual turbines based on aerodynamic power and WS. Using vector-FOC
(PI-conventional) and a five-level neutral point-clamped converter, the system demonstrates effective closed-loop
control, maintaining stable DC voltage and adapting to the electrical grid with enhanced waveform resolution. In
’Enhancing Frequency Stability in Power Systems”®, an adaptive deloading scheme for variable-speed WT genera-
tors is introduced. This approach strategically utilizes deloading to create a power reserve, improving primary
frequency response during system contingencies. Using a Lagrange interpolating polynomial on the turbine’s
nonlinear power curve, the scheme dynamically regulates output power, outperforming traditional controls in
scenarios like WS fluctuations. Real-time hardware-in-the-loop simulations validate the method’s effectiveness,
making it promising for wind-integrated power systems and grid code compliance.

From the literature, it is evident that PC technique is widely recognized for its robustness and performance.
In the context of WFs, their significant impact on supporting the electrical grid in terms of energy and address-
ing various electrical grid scenarios is apparent. However, the existing literature has not extensively explored the
role of a WF as a crucial element in filtering when connected to the electrical grid with non-linear loads. The
emphasis on power quality and performance improvement in this regard is relatively limited.

In this paper, the use of finite space model predictive command (FS-MPC) is proposed to manage and control
a WF for the production of electric power, where the DFIG is used for power generation. This farm consists of
four WTs that together generate a total power of 6 MW. Accordingly, the main contribution of the paper lies
in the management and regulation of WF operations using FS-MPC control, and effective handling of non-
linear load integration. This completed study is of great importance in the industrial field, as it gives a complete
picture of how to command the WF and its management using the PC technique. The latter, its use gives high
performance and efficiency in farm management compared to classical technique. MATLAB software was used
to implement and verify the WF management using four 1.5 MW DFIG generators. Among the objectives
achieved are the following:

e Implementation of a proposed surveillance algorithm for the efficient management of WF which for improv-
ing its performance has four operational modes based on PC technique. This strategy works on fault mode
which depends on fault ride-through technology, with the primary goal of protecting the WF from external
influences stemming from the electrical grid (voltage drop).

e Introducing a novel algorithm designed to assist the WF in filtering the electrical grid when connected to
non-linear loads. This algorithm focuses on effectively managing the filtering process and incorporating a
controlled number of WTs based on the current absorbed by these loads, Tests are performed on the proposed
algorithm using various types of nonlinear loads to validate the effectiveness of the novel algorithm.
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® Minimizing power ripples compared to classical control.
® Reducing current distortions significantly.
® Increasing the robustness of the WE.

The constituent sections of the paper are: The first section is a comprehensive introduction to the topic covered
in this paper. The second section presents an overview of the proposed farm with the proposed control for the
management and organization of this WE. In the third section, the necessary simulation results are given with
a comparison of the results with the classical technique. Finally, a summary of the works carried out and the
mention of future works are presented.

Proposed WF and control

In this section, a new energy system is proposed that relies on the use of a group of turbines to generate electrical
energy from wind using a new nonlinearity control algorithm to manage the proposed system. This completed
research differs from many scientific works in terms of the idea, principle, results, degree of complexity of the
system, control strategy, and the results obtained. This proposed work is of great importance in the field of renew-
able energies, as it gives a new idea about filtration in the field of wind energy. So, a WF with a total power of 6
MW comprising four WTs is analyzed. Additionally, the WF is equipped with four selective filters, as visually
represented in Fig. 1. To manage and regulate the farm’s operations, it is governed by the FS-MPC technique,
effectively handling the integration of a non-linear load.

The WF is based on the DFIG model, as detailed in”’.

The DFIG is represented in the d-q frame, which is associated with the rotating field. This modelling approach
is employed to streamline the representation of the DFIG. Specifically, the stator flow direction on the d-axis
of the Park frame is utilised for simplification purposes. In this context, it is assumed that the wind turbine is
connected to a stable electrical grid. Additionally, for the sake of simplicity in the model, the voltage drop across
the stator resistance is disregarded.

Algorithm based on the proportional distribution of power references

The algorithm based on the proportional distribution was developed to distribute the power instructions in a
proportional way on the WTs of the farm. The algorithm was divided into central and local supervision units.
This algorithm aims to manage the proposed energy system well to avoid any possible defect or problem occur-
ring on the farm.
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Figure 1. Block diagram of the studied system.
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Central supervision unit of the WF
The algorithm utilizing proportional distribution has been devised to efficiently allocate power instructions
across the WTs within the farm”®. With a strong emphasis on safety, this algorithm guarantees that each WT
consistently operates within the boundaries specified by the (P and Q) diagram in’. As is known, it is necessary
to manage energy well in a wind farm in order to obtain distinctive performance of the turbines and produce
sufficient energy from the wind. Therefore, choosing an algorithm characterized by distinctive and high perfor-
mance gives good results and reduces the possibility of problems occurring on the WE.

The primary objective of this algorithm is to determine the Ps and Qs references for each WT, denoted as

P"jf;l and Q’V?;J, respectively, based on the total Ps and Qs references requested by the grid manager, represented

as P(,f,fF and Q;qul;”. To assess the Ps production power of the farm, the algorithm aggregates the maximum Ps

available at each WTs level within the entire farm”’. This ensures an effective and balanced distribution of power
among the turbines, optimizing their performance while adhering to the electrical grid manager’s requirements.

n
p WF_max = ZP WG_max_i (1)

i=1

Similarly, the Qs production capacity of the farm is estimated by summing all the maximum Qs that each
WT on the farm can produce.

n
Q WF_max = Z Q WG_max_i (2)

i=1
5 WG_max_i a0d Q WG max i are the Ps and Qs of the WT i.

IN) WFE_max and Q wr_max are the total Ps and Qs of the WE
n represents the number of WTs on the WE.
The allocation of Ps and Qs references (P;fé - Q;ﬁé ) follows a proportional distribution approach. Each WT

contributes a portion of its maximum Ps and Qs. This strategy guarantees that the WT with the highest Ps pro-
duction capacity will receive the highest Ps reference. Similarly, the WT with the greatest capacity for Qs produc-
tion or consumption will play a more significant role in managing the Qs of the entire WF”°. The proportional
distribution mechanism ensures an equitable and optimized utilization of resources, enabling efficient power
management across the WTs in the farm.

ref PWG_max_i ref
Pyei=—=< Pyr (3)
P WF_max
ref QWG_max_i ref
Qwe_i= = Qwr (4)
Q WF_max

The key benefit of employing this strategy lies in its ability to ensure a safe operational margin for all WTs
on the farm”. Protecting the turbine from risks is necessary, which reduces regular maintenance costs and the
risk of the turbine being damaged. Also, it is necessary to maintain energy production within normal limits and
regularly in order to supply the network with the necessary energy. By maintaining a sufficient bound from their
maximum production capacities, the risk of WT saturation is effectively mitigated®. Even if one turbine reaches
saturation, operating at its maximum production or consumption, the excess power can be seamlessly transferred
to other WTs still capable of meeting the demand’®. However, implementing this strategy involves a certain level
of complexity, as it necessitates information on the available aerodynamic power of all WTs. The challenge lies in
accurately estimating this power at each turbine level, which directly depends on the WS-a parameter that can
be challenging to measure and, consequently, introduces some approximation in the process’.

Figure 2 presents a schematic representation of the algorithm discussed in this paper. The diagram illustrates
the key steps and components of the algorithm, providing a visual overview of its operation.

Local supervision unit of the WF
The total produced power (P, ;and Qy ;) is divided into two components: stator power (P, ;and Q; ;) and GSC
power (P, ;and Q, ;). To ensure a seamless power management process between the GSC (P, ., ;and Q, ., ;) and
the DFIG stator (P, ¢ ; and Q;_, ;), each wind generator relies on its local controller unit. This local controller
unit coordinates the distribution of Ps and Qs references (Pyyg_ry; and Q_yys ;) as provided by the central dis-
patching unit. Through this coordination, the wind generators optimize their power contributions and maintain
efficient operation within the overall system.

Maintaining precise control over the WF Ps is of paramount importance. Therefore, it is necessary to choose
a control strategy with high characteristics such as robustness, outstanding performance, and efficiency in
improving system characteristics. Also, the proposed strategy must be characterized by simplicity, quick dynamic
response, and ease of implementation in order to reduce the complexity and cost of the system. All of these fea-
tures help significantly reduce the electricity production and consumption bill. This meticulous management not
only ensures a more efficient utilization of the wind generators but also guarantees the safe and reliable operation
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Figure 2. WF power management: utilizing a proportional distribution approach.

of the electrical systems. To determine the Ps references for both the DFIG stator and the GSC, the losses in power
electronic converters and filters are disregarded, resulting in the following expressions”:

Psfreffi = PWGJefJ‘ - Pr_i (5)
Py ref i = Pr_i — Pic_ref (6)
Pchef = iDCJef Vbe (7)

where,P;_; represents the rotor Ps; Py._rr denotes the power required for DC bus voltage control; ipc_s signifies
the DC current reference derived from a PI controller utilized for DC voltage control.

The coordination of Qs distribution between the DFIG stator circuit and the GSC is effectively achieved
through the proposed Qs management algorithm. This algorithm serves to determine the appropriate Qs refer-
ences for both the DFIG stator circuit and the GSC (Qs_sand Qg_n,f)”. The management of Qs encompasses
four distinct modes, each corresponding to specific operating points dependent on the turbine speed: Maximum
power point tracking (MPPT) mode, delta control mode, Fault mode, and filtering mode.

The algorithm’s optimal performance is ensured by adhering to the maximum power constraints of both the
GSC and DFIG stator circuits. As a result, the calculated Qs references for the DFIG stator must be constrained
by their respective maximum Qs capabilities’’. The maximum Qs of the DFIG (Q;_max) is determined through
the utilization of the rated stator and rotor currents, rated rotor voltage, and the steady-state stability limit®.
Similarly, the maximum Qs of the GSC (Qg_max) is computed using its PQ diagram. This determination primarily
considers factors such as the GSC’s DC link voltage, employed modulation technique, rated current of the GSC’s
power electronic components, and the converter size. Through these computations, the algorithm ensures an
effective and efficient management of Qs, maintaining stable and optimized operation across the WF system”’.

Mode 1 (MPPT). During periods of low WSs, the wind generator operates in the maximum power point
tracking (MPPT) mode. However, the conventional wind system often lacks the capacity to compensate for the
necessary Qs demand in this mode. This limitation arises because the conventional system directs its power pro-
duction capabilities toward maximizing Ps generation through the DFIG’s stator. In contrast, when employing
the recommended algorithm within a wind system, the DFIG’s stator operates with the freedom to contribute
the entire Ps output. Simultaneously, the GSC takes on the responsibility of furnishing the requisite Qs within its
predefined maximum threshold.

Should the Qs reference (Qwg_ref_i) surpass the GSC’s maximum Qs, the GSC steps in to deliver its maxi-
mum Qs output. The DFIG’s stator then supplements the power generation by providing the remaining portion
of the required Qs. This coordinated approach ensures a balanced distribution of Ps and Qs while maintaining
operational stability within the defined limits of the system.

Mode 2 (delta). During instances of elevated WSs, the WF transitions to the delta control mode, deliberately
curbing its Ps output to a level below its maximum capacity 0 < Pwr_ref < PwF_max. In this scenario, collabora-
tive efforts between the GSC and the DFIG stator come into play, jointly addressing the complete demand for Qs.

To realize this, the reference Qs for both the GSC (Qg_¢r_;) and the DFIG stator (Qs_rf_;) are computed using
the proportional distribution technique. This approach ensures that the Qs requirements are shared appropriately
between these two components. Through this orchestrated interplay, the WF maintains its Ps within controlled
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parameters while effectively managing the Qs demand, ensuring the harmonious operation of the system dur-
ing higher WSs.

Mode 3 (fault). This control mode becomes operational in the event of an electrical grid fault, such as a voltage
dip. During such occurrences, the supervisory unit assumes a critical role in control. Activation of this mode is
contingent upon the estimated voltage drop magnitude and the reliability of the control system in use.

Knowing, the acceptable range for FRT (Fault Ride Through) deviation is within limits such as+5% or +10%
of the rated voltage value. These limits ensure that the voltage levels in the distribution system remain within a
specified tolerance to maintain the stability and reliability of the electrical supply. Adhering to these standards
helps to ensure the proper functioning of connected equipment and devices, as well as compliance with safety
and performance requirements set by relevant authorities.

When the voltage drops falls within the range of 10-20%, the FS-MPC control possesses the capability to
mitigate this voltage drop. However, for drops exceeding 20% up to 100%, this mode is triggered to safeguard the
WEF against the sudden peak, which can significantly impact the farm units. This process adheres to an algorithm
delineated in Fig. 3. This coordinated response ensures the stability and dependability of the system during fault
situations, thereby upholding the continued WF operation and the connected electrical grid at Drop% <20%,
and protecting the WF at Drop% > 20%.

Mode 4 (filtering). In our paper, we introduced a novel operational mode designed to consolidate three dis-
tinct modes (MPPT, Delta, and Fault) into a single comprehensive approach. The primary objective of this mode
is to ensure real-time validity for these different operating modes while considering the current state of the
electrical grid. This approach becomes particularly relevant in situations where the electrical grid includes non-
linear loads with significant current capacities. In such scenarios, the proposed mode enables the monitoring
and control of the electrical network to effectively handle these complex loads. The mode incorporates a filtra-
tion process that utilizes the proportionality between farm units, allowing for efficient management of filtering.
By adopting this approach, the WF can maintain stable and reliable operation while optimizing power utilization
and enhancing the overall performance of the interconnected electrical grid.

Filtering system offered by FS-MPC technique

The main objective of this research is to introduce a novel model designed to mitigate electrical grid distortions
arising from nonlinear loads, which, in turn, lead to mechanical fatigue in electric generators. The proposed
solution involves employing the WF as a filtering mechanism (Fig. 4). Consequently, a software program is
developed, offering the flexibility to select a specific number of DFIGs for filtering purposes. Depending on the

Management and
control

Reliability of l
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Figure 3. The proposed algorithm for a voltage drop protection system.
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Figure 4. A novel model employing the wind farm as a filtering mechanism.

maximum current intensity of the nonlinear load, users can opt for one, two, three, or all four DFIGs to perform
the filtering process efficiently.

The operational management in this context encompasses six primary objectives, which are illustrated in
Fig. 1:

® Psand Qs reference comparison

The first objective involves transmitting the Ps and Qs reference values to each WT. This comparison is made
between the reference power requested by the grid manager and the energy generated by the WF under the
supervision unit.

® Power reference definition and FS-MPC technique

The third objective entails a two-step control process. Initially, a power reference is defined using the super-
vision of the local unit. Subsequently, the DFIGs-based WTs is controlled using an FS-MPC controller, which
relies on the references provided by the first PI regulator.

® Program for DFIG activation based on load current intensity

To achieve the fourth objective, a program is developed, enabling the command to activate a certain number
of DFIGs. The activation process is determined based on the intensity of the load current, facilitating the initia-
tion of the filtering process.

® Selection of DFIG Units for Grid Filtering

The second objective revolves around the selection of a specific number of DFIG units responsible for filtering
the electrical grid. This selection process is conducted within the framework of the supervision unit.

e Harmonic current references and rotor equivalents

In the pursuit of the fifth objective, the references of the harmonic currents are identified, and their corre-
sponding rotor equivalents are defined.

e Control of grid currents for improved performance

The sixth objective centers on controlling the grid currents to ensure a superior THD rate and maintain a
unit power factor, thereby enhancing the overall performance of the system.
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Algorithm for the proposed approach

Step 1 The first step involves estimating the effective value of the current consumed by the nonlinear load.
This load can introduce irregularities and distortions into the electrical current waveform.
Step 2 After estimating the load’s current, the algorithm (Fig. 5) proceeds to determine the filtering power
that each DFIG can provide. It’s important to ensure that this filtering power remains within the predefined
limits of each DFIG’s capabilities.
Step 3 Using the filtering capacity, the algorithm (Fig. 5) then allocates the appropriate proportion of the
estimated load current to each individual DFIG unit. This distribution is done in a way that maximizes the
filtering effect and minimizes the impact of the nonlinear load on the system.
Step 4 Determine the harmonic current references for each DFIG unit identified in the process.
Step 5 Inject the treated electrical current from the filtration process into the electricity grid.

Step 6 Finally, the overarching goal of the algorithm is to achieve a sinusoidal waveform for the electrical
grid. This is regardless of the presence of various harmonics introduced by the nonlinear load. By intelligently

Fault=1
No /1\Yes
MPPT=1

Acquisition of Qwg rer i and
QwG_max _i from the central
supervision of the farm
1
Acquisition of P, ; and Pge,
from the wind system

Computation of Qg max
and Q¢ max i

No Yes

e |
! Delta control mode
— Qweé.rer.i
Qcrefi = O man g Zemax .t
_ Qweg.rer.i
Qsrefi =7 Qs max_i

Qwe max _i

Ps,ref,i= PWG,ref,i - Z(PWG,ref,i'
Pwé_ timic_i)

MPPT mode

No Yes
‘ Q¢ max_i > Qwe ref.i

|

Qcrefi = Qcmax_i

Qcreri = Qwe_ref.i

Protection
system

Filtering mode

Qcref i > Qcmaxi

Qc_ref_i = Qc_ref_i

Qcrefi = Qcmax.i I

T

Qs rer i > Qs_max_i

Yes

grid

Detection of non-linear load
connected to the electrical

e

load current value

Estimation of non-linear

Select the DFIG units to be
included in the filtering process

Determine the harmonic current
references for each DFIG unit

1

Injection of electrical current treated
by WF into the electrical grid

Figure 5. The proposed power supervision algorithm.
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distributing the filtering task among the DFIG units, the algorithm works to maintain a clean and stable grid
waveform, enhancing the overall performance and reliability of the system.

References harmonic generator

The selective filter employed in this system serves as a band-pass filter, specifically designed to isolate and
effectively filter the current harmonic components present in the reference signal (a and ). We express the
fundamental components X, and X4 as a function of x, and xg*:

. k . ..
B () = = (s (5) — & (5)) — WTx,e(s) (8)

s
N k R We .
xp(s) = ;(x,s (s) —%p(s)) — ~Fa(s) 9)

In the context of the reference signal (a and B), the components xqg and Xqg represent successive measure-
ments of the signal and its fundamental component, respectively. Additionally, k denotes a constant value, while
w, corresponds to the pulse of the filtered signal. Furthermore, s signifies the Laplace operator involved in the
calculations. Figure 6 represents a diagram of the selective filter.

Model-based predictive current control
The foundation of the suggested PC strategy rests upon the concept that a static power converter can generate a
finite set of potential switching states. The system’s ability to forecast the variables’ behavior for each of these states
is key. Establishing the optimal switching state requires the definition of a selection criterion, which involves
a cost function evaluating the anticipated values of controlled variables. Projections of these variables” future
values are computed for every potential switching state. The state that yields the least cost, as determined by the
cost function, is subsequently selected, culminating in an effective PC approach.

To achieve the dual objectives of the regulator, it is essential to introduce two reference currents into the
quadratic components of the rotor current (Fig. 7). The d-q rotor currents are defined as follows:

ref  .ref .ref

Irq_i - qu_reglfi + qu,har_i (10)
ref ref .ref

Ird_i = I'rd_regl_i + lifl,hurfi (11)

The designed PC technique uses the ability of a converter to create only a limited number of commutation
states. The following formula can be used to describe the voltage equation of the rotor in the synchronous rota-
tion condition®:

. d. .
Vid i = Rr’rd?i + oL, drtrd_i — giwsO-LrquJ L (12)
Vrg_i = Rr’rq_i + ULraqu_i + giwso Lyirg i + &i YES *

Grid-side converter currents are synced with the grid voltage’s Park reference frame. In this context, the filter
(Rg and Lg) electrical equations may be simplified as follows:

7'y
v _
» Kk +
Xa + » 1/p ——»
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A > Ws +
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X
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Figure 6. Diagram of the selective filter.
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Figure 7. Block diagram of a proposed control structure.
. didgj .
Viag_i = Ryige i + LgT — wsLgige i + Vg i
digg (13)
Vag i = Rgigg i+ Lg— 1 = — wlglag i

In FS-MPC technique, the discrete form of Egs. (12) and (13), taking the basic “Euler” approach, can be
represented as follows:

i ik 1) = (2 Va0 = Reiy_i(K) + o0 Lyigy_i(K)) + i (0))

. . . . (14)
igr i(k+1) = (LL (Vgr_i(k) = Rrigr_i(K) — giwso Lyiay_i(k) — git5Ys) + iy (k))

g itk + 1) = (F(Viag_i(h) = Reiag 100 + s Lgigg i(K) = Vi) + igg_i(k) )

15
iqg_i(k +1)= (]%(Vq _i(k) - Rgiqg_i(k) + wngidg_i(k)) + iqg_i(k)> =
where, T5 is the sample period, iy,(k), i4.(k), i,(k), ig(k), and i ,(k) are the rotor and filter measured currents,
respectively at kT5s. Vy,(k), V,,(k), Vy(k,), and V, (k) are the rotor and filter voltages derived from the optimum
voltage vector implemented in the (k)th sampling period.

The quality function ensures the good efficiency of the dynamic control. The cost function is calculated for
each feasible switching state of the converter for each sampling period, choosing the one with the least error for
the following sample period. Equation (25) defines the function of cost:

Fj = (Nigr_ilk+ 1" + Aigr i(k 4+ 1) + Aigg i(k + 1> + Aigg i(k + 1)> + i) (16)
wherei,, = °°”J(; ’(’;;lleL;is'e’m“' Nikar| = \/id(k + 1) +ig(k + D)%

i,, represents DFIG and GSC overcurrent protection. The related voltage vector is disregarded if the current
exceeds the limit value.
where R, and Ry, represent the Ps and Qs regulators, respectively (Fig. 8).

Validation and discussion

This section of the research paper serves to confirm the validity and efficiency of the designed management
technique. The simulation of WF operations and control is conducted using the MATLAB/Simulink software.
The WF comprises four DFIGs linked to a Point of Common Coupling (PCC), collectively delivering a capacity
of 6 MW. These operations are evaluated across four distinct wind profiles. Figure 9 illustrates the progression of
WS for each turbine, depicted as a scalar function evolving over time. The model is deterministically formulated
as the sum of several harmonics, with an average speed of 8.2 m/s. A sampling time of 10e—4 s was adopted.
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The parameters used for GSC are: ws=2n50 rd/s, Rg=2 mQ, Lg=5 mH. In addition, the parameters for WT
are: Number of blades=3, R=35.25 m, G=90, J=1000 kg m?, fv=0.0024 N m s7}, V;=4 m/s, V,,=25 m/s. The
parameters used for DFIG are: P,=1.5 MW, v=12.5m/s, V,=398/690 V, I, =1900 A, f=50 Hz, Ls=0.0137 H,
L,=0.0136 H, L,,=0.0135 H, Rs=0.012 Q, Rr=0.021 Q, p=2, J=1000 kg m>
To rigorously assess our proposition, a comprehensive plan was formulated. This plan encompasses a series of
meticulously crafted tests and scenarios that ensure the effectiveness of our research. Our approach amalgamates
Ps and Qs management, alongside self-filtration management of WFs. This comprehensive strategy contributes
to fulfilling the demands of the electrical grid while simultaneously safeguarding and enhancing energy quality,
especially in scenarios involving non-linear load-induced disturbances.
Implementing the management of Ps and Qs while ensuring low voltage ride through (LVRT)
A series of simulation scenarios has been meticulously conducted, divided into distinct periods. In each period,
one of the three designated operating modes is engaged: MPPT, Delta, and Fault. The initiation of the fault com-
mand mode is automatic, triggered when a grid fault leads to a voltage drop.
The Danish grid code serves as the basis for the dip utilized in our study®. At 5 s into the simulation, a dip
voltage of 20% transpires, followed by a more pronounced 70% voltage dip at the 7.5 s, as vividly depicted in
Fig. 8.
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In Fig. 8, it’s evident that the grid current remains stable and consistent throughout, except during a fault
occurrence, where it experiences a temporary decrease. Moving on to Fig. 11, we observe that the DC vector
voltage of the primary unit closely tracks its specified reference value (V,,,,= 1200 V). However, within period
5, a minor peak is evident, measuring less than 10% of the estimated value. This particular elevation doesn’t
pose a significant risk to the DC amplitude. Notably, up until the 7.5 s, there’s another peak exceeding 10% of
the nominal value. This occurrence triggers the activation of the fault mode due to the potential threat it poses
to the system.

Presented in the following manner, this scenario unfolds:

Part 1 The MPPT command mode is engaged over a span of 2 s (from 0 to 2 s). As depicted in Fig. 10, the Ps
produced at the PCC is the accumulation of the optimal Ps originating from the four generators showcased
in Fig. 10a, , e, i. In this period, the Qs is set at —0.5 MVAR. Remarkably, despite variations in WS (Fig. 9),
both the Ps and Qs at the PCC impeccably adhere to their reference values, as visualized in Fig. 10a, b. Each
generator contributes proportionally based on its available power capacity. Notably, Fig. 10e reveal that the
second WT is unable to fulfill the prescribed Ps demand. Nevertheless, this shortfall in power is effectively
compensated for by the output of the first, third, and fourth generators.

Part 2 The "Delta" mode is initiated for a duration of 2 s (from 2 to 4 s). In this phase, the WF generates the
necessary Ps, deliberately operating below its maximum power capacity. Simultaneously, the capability to
generate Qs is also harnessed. This specific period serves to mitigate issues arising from the WF experiencing
elevated WSs, which can cause frequency and voltage deviations within the electrical grid.

Part 3 The fault control mode is seamlessly triggered after a 5-s interval, initiated by the imposition of a
voltage dip of 20% that endures for less than 1 s. Subsequently, this is followed by the application of a more
pronounced 70% voltage drop at 7.5 s. This automatic activation of the fault operating mode ensures a swift
response to adverse conditions within the system (Fig. 8). When encountering a 20% voltage drop within a
1 s interval, the effectiveness of the designed technique becomes evident in successfully averting this peak.
This proficiency remains consistent even as the voltage drop is further intensified, ultimately reaching a level
of 70%. Under these circumstances, the WTs necessitate disconnection through the automatic system protec-
tion. This particular scenario culminates with the sequential disconnection of the four generators from the
gridat7.55s,7.8s,8.1s,and 8.4 s, as visually represented in Fig. 10c-n. As the scenario unfolds, the Ps and
Qs observed at the PCC, depicted in Fig. 10a, b undergo a gradual reduction, ultimately tapering to zero.

The configuration of the central supervisory unit within the farm serves the purpose of fulfilling the compre-
hensive production power plan stipulated by the network manager. This unit also facilitates the transmission of
crucial information to the local supervision units, enabling precise control over each individual WT.

The outcomes of the simulation incontrovertibly showcase that the synergy between the supervisory system,
the proportional distribution algorithm, and the power control executed at the PCC collectively form a robust
framework, effectively ensuring the stable and uninterrupted WF operation. Within this framework, the FS-MPC
controller notably ensures exceptional levels of traceability, performance, reliability, and robustness.

Performance comparison under symmetrical and asymmetrical fault

To assess the efficacy of the control strategy in enhancing performance and ensuring uninterrupted fulfilment
of requirements within the electrical grid, a comprehensive analysis is conducted by simulating both symmetric
and asymmetric grid fault scenarios on a DFIG. Throughout this study, the wind turbine’s estimated speed is set
at 12.5 m/s, with the reference Ps and Qs undergoing unit steps (Fig. 11).

a. symmetrical three-phase (L-L-L) fault:

In this case study, a symmetrical (L-L-L) fault scenario is considered to verify the efficacy of the control
strategy of the wind system. An L-L-L fault (drop =70%) occurs at t=0.25 s on three phases, and the duration
of the fault is 0.8 s. Figures 12, 13, 14, 15 and 16 shows the Ps and Qs and instantaneous rotor and stator current
waveforms for the control method proposed.

The outcomes of the validity test are visually represented in Figs. 12, 13, 14, 15, and 16. Notably, the over-
shoots in power exhibited by the proposed controller in response to the decline are deemed largely acceptable
(Fig. 12), especially when contrasted with the substantial drop ratio. It is noteworthy, however, that the current
waveforms display a notable improvement compared to the outcomes in reference®. In the referenced study,
the proposed control exhibited a 100% non-waveform response, whereas the proposed method in this study
demonstrates a significant enhancement in LVRT performance by effectively mitigating overcurrent induced by
grid disturbances. Figure 17 represents the voltage profile in the case of a symmetrical (L-L-L) fault, where it is
noted that the voltage amplitude changes in the case of a (L-L-L) fault. The voltage profile remains sinusoidal
but unbalanced. The largest voltage amplitude is 559 V and the minimum is 400 V.

The THD value of the rotor and stator current of the DFIG is represented in Figs. 18 and 19 (before and after
fault), and the numerical values for each current (I, and L) are extracted in Table 1. The THD value of the current
remains the same as the values after the fault occurs, which indicates the effectiveness of the proposed strategy in
dealing with the fault. The THD for the currents are 1.77% and 1.87% for I, and I, respectively. On the other hand,
Table 2 represents the basic signal amplitude value for both rotor and stator current. It is noted from this table
that the signal amplitude increased significantly after the fault for Ir and Is, by a percentage estimated at 50%. This
increase is due to the symmetrical fault, but despite the increase, the proposed control maintains energy quality.
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Figure 10. The simulation results for the scenario 1.

Table 3 provides the ripple values for Ps and Qs both before and after the fault, along with the calculated
reduction ratios for Ps and Qs ripples. A noteworthy observation from the table is that the power ripples are
diminished after the fault in comparison to the pre-fault conditions. This outcome serves as evidence of the effi-
cacy of the proposed strategy in reducing the amplitude of Ps and Qs ripples, as corroborated by the calculated
reduction ratios. Specifically, the reduction percentage for Ps stands at 67%, while the ripple reduction ratio for
Qs is calculated at 51%. These results underscore the effectiveness of the proposed strategy in mitigating power

fluctuations, enhancing the stability and reliability of the system.
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Figure 10. (continued)

b. asymmetrical fault:

In this particular case study, the asymmetrical fault is deliberately categorized into two distinct scenarios:

1. A single-phase fault from phase A to ground (L-G) is intentionally introduced at the PCC at time (t)=0.1's,
and it continues for a duration of 0.45 s.

2. A two-phase fault involving phases B and C to ground (L-L-G) is intentionally induced at the PCC at time
(t)=0.55 s, with a duration extending over 0.9 s.

These intentional fault scenarios are designed to assess and analyze the system’s response under asymmetrical
conditions, providing valuable insights into the robustness and performance of the control strategy.

The responses and dynamic behaviors of the instantaneous Ps, Qs, rotor current, stator current, and voltage
are depicted in Figs. 20, 21, 22, 23, 24 and 25, respectively.

The obtained results reveal that the fault (L-G), characterized by a single-phase fault from phase A to ground,
does not exhibit any discernible impact on the power ripples (Ps and Qs) (Fig. 20) or the rotor and stator cur-
rents (Ir, Irq, Ird, Is, Isq, and Isd) (Figs. 21, 22, 23, 24). This observation stands in stark contrast to the outcomes
reported in reference®!, where the results indicated a substantial impact on the waveforms of currents under
similar fault conditions. The disparity in results underscores the effectiveness of the proposed control strategy in
mitigating the impact of the fault (L-G) and maintaining the stability of power ripples and current waveforms.
This suggests an improvement in system performance and fault tolerance compared to the reference®, highlight-
ing the efficacy of the implemented control mechanisms.
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Figure 12. Psand Qs with symmetrical (L-L-L) fault.

When the fault (L-L-G) occurs, the graphical representations illustrate that the transient response and
behavior of both Ps and Qs (Fig. 20) exhibit ripples, indicative of the pronounced influence of the fault. However,
despite the impact of the fault, the rotor (Figs. 21, 22) and stator current (Figs. 23, 24) exhibit smoother and less
oscillatory patterns in comparison to the findings in reference?!. Noteworthy is the observation that, despite faults
occurring in two phases, the control mechanism maintains convergence and does not compromise its stability.
Figure 25 represents the voltage profile in the case of an asymmetrical fault. It is noted that the voltage amplitude
is greatly affected in the case of the fault (L-L-G) compared to the fault (L-G) while the voltage profile remains
sinusoidal. In the case of fault (L-G), the largest voltage value was 563 V and 568 V in the case of fault (L-L-G).
So the voltage amplitude increased in the case of fault (L-L-G).

Figures 26, 27, 28 and 29 depict the THD for currents I, and I, both before and after the fault occurrence.
Notably, following the occurrence of the initial fault (L-G), the THD values exhibit remarkable stability, with
a percentage change estimated at 26% for I, and 20% for I, as outlined in Tables 4 and 5. It is noteworthy that
despite the fault, the numerical value of THD remains relatively constant. Furthermore, in this particular sce-
nario, the ripples observed in the Ps and Qs experienced a decline, showcasing percentage changes of 22% and
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19%, respectively, as indicated in Table 8. This observation adds depth to our understanding of the system’s
response to the fault, emphasizing the resilience and stability of the studied parameters.

The emergence of the second fault (L-L-G) introduces a discernible ripples in both Ps and Qs, marking a
substantial change estimated at 79% for each, as detailed in Table 8. Despite the pronounced ripple in power, it
is noteworthy that the power quality remains within acceptable limits for both currents I, and I. The respective
changes are estimated at 66% for I, and 46% for I, when compared to the power quality levels observed before
the fault occurred (Tables 4, 5).

Intriguingly, despite the dynamic alterations in power parameters, the fundamental signal amplitude values
of I, and I, as outlined in Tables 6 and 7, remain unaltered in both scenarios. This implies that, despite the sig-
nificant fluctuations in Ps and Qs, the core characteristics of the current waveforms in terms of amplitude persist,
underscoring a certain degree of robustness and stability in the system under examination (Table 8).

Self-filtering of WF

This scenario delves into the concept of self-filtering within a WE, focusing on testing the efficacy of the pro-
posed supervisory unit when employed to filter the grid electrical in scenarios involving non-linear loads with
substantial currents. To ensure the precision of our findings, the Ps and Qs references were adopted as unit step,
all the while maintaining a consistent WS of 12.5 m/s. This setup guarantees the reliability and accuracy of our
results in assessing the performance of the proposed supervisory unit.
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Figure 30 illustrates the nonlinear load employed in our study. Initially, a load in the form of a rectifier is
connected at 0 s, with an effective value of 5000 A. At the 2 s, no harmonics are injected into the electrical grid.
Subsequently, at 4 s, a distinct load is introduced, differing from the initial one. This load arises from the injection
of odd harmonics, specifically the 5th, 7th, 11th, and 13th harmonics, and consumes a current of 3062 A. From
4to 6 s, the load becomes nil, indicating the absence of non-linear loads. Upon reaching the 8 s, the third load is
connected, resulting from the combination of the first load (5000 A) with the second load (3062 A).

Given the substantial impact of these loads, it’s evident that they carry significant impact and cannot be
adequately addressed by a single DFIG unit alone; the WF involvement is essential. With this consideration, we
imposed a maximum filtering capacity of 1350 A for each DFIG unit.

By implementing this approach, the excess current from the first DFIG is effectively filtered by the second
unit. Subsequently, the residual surplus from the second DFIG is further filtered by the third, and this cascade
of filtering continues to the fourth unit. This strategic principle allows for the collaborative contribution of all
four units within the process. Through this systematic and sequential procedure, the results shown in Figs. 31,
32,33, 34, 35 and 36 were obtained.

Based on the findings presented in Figs. 31, 32, 33, 34, 35 and 36, the time interval can be categorized into
four distinct segments:
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[from 0 to 2 s]: the proposed supervisory unit performs an assessment of the electrical grid. At this interval,
the effective value of the load current is measured to be 5000 A. Subsequently, the supervisory unit designates
responsibilities to four units within the WF for the purpose of electrical grid filtering.

The first, second, and third units are directed to operate at a capacity of 1350 A each. The remainder of the
5000 A is 950 A allocated to the fourth unit. Throughout this duration, a THD test was conducted, yielding a
higher result of 56.87%. However, following the implementation of the grid filtering strategy, this THD value
significantly dropped to a mere 0.32%. This remarkable reduction underscores the effectiveness of the proposed
intervention and its positive impact on the overall grid quality.

® [from 2 to 4 s] and [from 6 to 8 s]: Within these intervals, the electrical grid is in a stable state, during which
the supervisory unit functions exclusively to control the Ps and Qs of the WE.

® During the time interval from 4 to 6 s, an examination of the current load (RMS=3062 A) was conducted.
It was decided to delegate this task to three units on the farm to carry out the grid filtering process. The first
and second units each handled 44% of the load current, while the remaining 12% was managed by the third
unit. As for the fourth unit, it was not included in the operation. Notably, during this period, the THD test
produced a relatively high result of 43.05%. However, after the filtering process was implemented, this value
decreased significantly to 0.29%, indicating the effectiveness of the designed solution.

® Between 8 and 10 s, a specific scenario unfolded. The first and second loads were consolidated to create a load
with a value of 5270 A. To manage this load, a supervision unit employs four units from the farm. The first,
second, and third units each worked on 26% of the load, with the remaining 22% allocated by the supervision
unit to filter unit No. 4. Interestingly, the inclusion of the third load resulted in a decline in power quality,
with a THD equal to 27.50%. However, this figure was subsequently reduced to a remarkable 0.26% thanks
to the implementation of the designed algorithm.

The THD value of the current is represented in Figs. 37 and 38 (before and after the harmonic current com-
pensation), and the numerical values at different time points (1 s, 5 s and 9 s) are extracted in Table 9. The THD
value of current is much lower after applying the filtering process (the proposed strategy), which indicates the
effectiveness of the proposed strategy in improving the quality of the current. The THD of current reduction
ratios were 99.43%, 99.32%, and 99.05% at 1 s, 5 s, and 9 s, respectively. On the other hand, Table 10 represents
the amplitude value of the fundamental signal (50 Hz) of current. From this table it is noted that the amplitude
was significantly improved after filtering at the 1 s time point by an estimated percentage of 66.47%. Also, at the
5 s time point the signal amplitude did not change before and after the filtering. However, at the time point of
9, it is observed that the amplitude of the signal after filtering is low compared to the amplitude of the signal
before filtering, as this decrease is estimated at a rate of 8.96%.

In Table 11, the ripple values for Ps and Qs before and after filtering are given, where the ripples are given
during three different loads. Also, the reduction ratio for Ps and Qs ripples is calculated. From this table, it is
noted that the power ripples are lower after the filtering process compared to the ripples before the filtering,
which proves that the proposed strategy is effective in reducing the value of Ps and Qs ripples, and this is what
the calculated ratios show. In the first load, the reduction percentage was 13% and 52% for both Ps and Qs,
respectively. In the third load, the ripple reduction ratio was 79% and 46% for both Ps and Qs, respectively. In
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Figure 18. THD values of the I, [(a) before fault and (b) After fault].

addition, the lowest reduction percentages were in the first load and the largest reduction percentages were in
the second load, where the percentages were estimated at 85% and 97% for both Ps and Qs, respectively.

Techno-economic study of the proposed system

1. References®* focused on filtering the electrical grid when connecting non-linear loads. In®%¢ utilized shunt

active power filters, employing a dedicated system consisting of an inverter, a DC voltage source, and an R-L
filter. On the other hand, in®” employed a different system, using an induction filter distribution transformer
with a unique DdOyn11 three-winding configuration.

It can be concluded that the approaches outlined in these papers entail significant costs to implement the
studied systems.

The system we have developed is a self-system. Specifically, DFIG possess a unique characteristic wherein
they can generate reverse harmonics that contribute to electric grid filtering. This is achieved using a single
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Figure 19. THD values of the I, [(a) before fault and (b) After fault].

THD (%)

Before fault | After fault | Ratios (%)
Ir 1.77 0.99 44
Is 1.87 0.98 48

Table 1. Ratios and values THD of current.

transformer, which also serves the purpose of power control. Therefore, it can be asserted that the implementa-
tion of this system, approaching a cost of 0$.

2. In%-%, the research relied on the utilization of DFIG to filter the electrical grid distorted by connecting
non-linear loads. However, the loads used in their study had a relatively small current absorption from the
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Amplitudes (A)

Before fault | After fault | Ratios (%)
Ir 2656 5350 50
Is 2651 5288 50

Table 2. Signal amplitude values fundamental of current.

Ripples

Before fault | After fault | Ratios (%)
Ps 90,000 30,000 67
Qs 91,000 45,000 51

Table 3. Ratios and values of ripples for DFIG power.
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Figure 20. Ps and Qs with asymmetrical fault.

electrical grid. It is known that DFIG cannot produce electric current above the nominal value. This limita-
tion poses a challenge in dealing with loads of large absorption value.

Our work addresses this limitation by proposing a new algorithm. This algorithm enables the wind farm
to effectively filter the electrical grid while simultaneously fulfilling its energy requirements. As a result, our
approach is designed to work seamlessly with various forms of non-linear loads, accommodating their diverse
energy characteristics, whether they absorb large or small currents.

To substantiate the credibility of the algorithm proposed in our work, which contributes to electrical grid
filtering, we have created a comparative table (Table 12) with relevant literature:

In the case of non-linear loads that consume electricity more than the nominal power of the DFIG. In this
case DFIG cannot participate in the filtering. Our proposal is to use wind farms to contribute to solving this
problem by proposing a new algorithm.

Upon comparison, it is evident that our work is dedicated to filtering the electrical grid in the presence of non-
linear loads with In/Substantial current absorption. The application of the proposed algorithm yielded favourable
results, especially when dealing with the high current values of nonlinear loads (5000 A, 3026 A, and 5270 A).

On the other hand, the literature discussed in the table primarily addresses:

1. Non-linear loads with low current values (2-50 A).
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2. The energy quality obtained in comparison to the loads used is also weak (1.61%-14.12).

The utilization of FS-MPC technique, known for enhancing both performance and power quality, can be
summarized and compared with the literature in Table 13. Table 13 compares the proposed control with other
research. The proposed method succeeded in testing robustness and reliability. FS-MPC technique increases
performance compared to®>¢7%91-% but its biggest benefit is the reduction of THD compared to*>%91-% which

did not exceed 0.26-0.32%, indicating superior power quality.
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Conclusions

This paper introduces a management and control approach with self-filtering capabilities, taking into account
fault ride-through considerations. The obtained results serve as compelling evidence affirming the efficacy of the
proposed methodology. From these outcomes, the following conclusions can be drawn:

1.

In the preliminary findings, the primary function of the wind farm is described, which involves injecting
active and reactive energy into the grid while considering fault avoidance (LVRT) to protect the WE Based
on the achieved results, the management algorithm has demonstrated its efficacy in addressing three out of
four operational modes. It successfully facilitates coordination among DFIG units, aligning with the require-
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Figure 25. Voltage in asymmetrical fault.

ments of the electrical grid. Moreover, the algorithm proves instrumental in safeguarding the WF against
potential damage resulting from electrical grid faults by implementing effective isolation measures.

2. Addressing faults offers valuable insights into evaluating the effectiveness of diverse control strategies. In
alignment with this principle, two types of faults, symmetric and asymmetric, were deliberately introduced
at the PCC level. The outcomes of these fault simulations clearly demonstrated the efficiency of the proposed
control system in effectively controlling both symmetric and asymmetric faults. These results underscore
the capability of the proposed control strategy to enhance the overall performance of the studied system in
the face of fault conditions.

3. To achieve the hybrid functionality of WESC/self-filtering, it is essential to determine the current consump-
tion of the nonlinear load, identify the farm units contributing to the process, and subsequently set the ref-
erences for harmonic currents in the electrical grid. In this section, the proposed method yields promising
results.

After integrating linear loads, the THD value of grid currents ranges from 27.52 to 56.87%. However, the
utilization of the proposed supervision unit with FS-MPC technique, working in harmony, results in improved
energy quality (the THD values are found in the reduced range from 0.27 to 0.32%), establishing a robust system
characterized by high reliability and superior performance.

Nonetheless, it is worth noting that various scenarios must be considered, such as energy compensation in
the event of a units from a WF becoming isolated due to a malfunction. This aspect will be addressed in future
discussions. Building upon the insights from®”, emphasis can be placed on the contribution of wind turbines in
Hybrid DC Micro Grids to enhance system stability and improve voltage and energy management dynamics
within a hybrid system. Our work represents a transitional stage, aiming to introduce WFs into hybrid systems
and coordinate them effectively to contribute to system stabilization.

As future work, this work will be carried out experimentally and the results obtained will be compared with
existing works in terms of current and power quality. New strategies based on combining non-linear controls
will also be applied to control a group of turbines in a wind farm.
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Figure 27. THD values of the I, [(a, b) after fault at 0.2 s, and 0.65 s, respectively].
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Figure 29. THD values of the I [(a, b) after fault at 0.2 s, and 0.65 s, respectively].
THD (%)
Time (s) Before fault | After fault | Ratios (%)
0.2 1.80 1.33 26
0.65 1.83 5.41 66

Table 4. Ratios and values THD of rotor current .
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0.2 1.77 1.42 20
0.65 1.77 3.3 46

Table 5. Ratios and values THD of stator current.

0.2 2659 2659
0.65 2661 2663 0

(=]

Table 6. Signal amplitude values fundamental of rotor current.

0.2 2650 2649 0
0.65 2650 2664

—

Table 7. Signal amplitude values fundamental of rotor current.

Ps 90,000 70,000 | 440,000 |22 79
Qs 91,000 76,600 | 441,800 |19 79

Table 8. Ratios and values of ripples for DFIG power.
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Figure 30. Current absorbed by a non-linear load.
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Figure 32. Simulation results of the unit No. 2 with and without active filtering function.
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Simulation results of the unit No. 4 with and without active filtering function.
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Figure 37. Spectrum of grid current before harmonic current compensation: (a) at 1 s; (b) at 5s; (c) at 9s.

Scientific Reports | (2024) 14:1905 | https://doi.org/10.1038/s41598-023-51110-3 nature portfolio



www.nature.com/scientificreports/

. FFT analysis
FFT analysis
- — 0,
Fundamental (50Hz) = 1.006e+04 , THD= 0.32% Fundamental (50Hz) = 1.006e+04, THD=0.29% _
018 - | 0.15 1
0.16 i
T 014+ ] g
g ]
g 0121 i g 01r i
E g
20 1 &
[ o
G 0.08 1 °
N S
o 0.06 - ] o2 0.05 i
3 =
0.04 4 ‘
] it
' “|"|||||||.||||.|||||||I|I|||I|..II|| AT 0 WV 1A T A
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz) Frequency (Hz)
(a) (b)
FFT analysis
Fundamental (50Hz) = 1.005e+04 , THD= 0.26%
0.12 a
T o1 1
(=
[9)
§
8008 .
c
=}
L
‘G 0.06 1
X
& 0.04 1
=
0.02 | ]
0 O T P
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)
(c)
Figure 38. Spectrum of grid current after harmonic current compensation: [(a) at 1 s; (b) at 5s; (c) at 9 s].
THD (%)
Times (s) Before harmonic current compensation | After harmonic current compensation | Ratios (%)
1 56.87 0.32 99.43
5 43.05 0.29 99.32
9 27.50 0.26 99.05
Table 9. Ratios and values THD of current.
Amplitudes (A)
Times (s) | Before harmonic current compensation | After harmonic current compensation | Ratios (%)
1 3373 10,060 66.47
5 10,060 10,060 0
9 11,040 10,050 8.96

Table 10. Signal amplitude values fundamental (50 Hz) of current.
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Ps (W) Qs (VAR)

Load 1 Load 2 Load 3 Load1 |Load2 |Load3
Before filtering 92,066.5 |522,899.8 |323,719.87 | 190,674 | 394,019 | 143,362
After filtering 80,000 76,000 67,000 90,000 85,000 77,000
Ratios 13% 85% 79% 52% 97% 46%

Table 11. Ratios and values of ripples for DFIG power.

After compensation THD
References Filtering method Load current (A) Before compensation THD (%) (%)
8 SHAPF 50 35.84 4.38
p-q theory 29.18 3.19
SREF theory 28.89 4.88
86 20
Lyapunov function approach 30.40 1.61
IRP Based approach 29.18 4.57
o Traditional filtering method - - 14.12
Inductive filtering method - - 4.09
PLL 5.68
88 10 17.34
DFIG /APF 3.18
8 DFIG/APF 10 21.09 6.42
%0 DFIG/APF 2 23.56 3.40
5000 56,87 0.32
Proposed technique Self-filtering—FS-MPC/WF 3062 43.05 0.29
5270 27.50 0.26

Table 12. Comparative analysis of the performance of the proposed Self-filtering technique with literature.

Performance Power quality
Publication paper Tests Stability | Precision (%) | Rapidity RT (s) | Overshoot (%) | THD% Reliability | Robust
52 Fuzzy_ SMC Yes - 0.32 - - - -
o PI Yes 1.25 0.030 - - - -
RST Yes 0.06 0.028 - - - -
2 SMC-based Backstepping control Yes - 0.05 - 2.98 - -
DTC Yes - 0.12 - 18.8 - -
9 FSC Yes - 0.16 - 8.26 - -
MPDC Yes - 0.15 - 8.17 - -
o FCS-MPC Yes - 0.15 - 6.12 - -
ot FCS-MPC Yes - 0.12 - 4.29 - -
% FCS-MPC Yes 0.11 0.11 - 0.49 - -
% FCS-MPC Yes - - - 7.22 - -
7 FCS-MPC Yes - 0.045 - ~2 - -
Proposed technique FS-MPC P Yes 04 00247 0.02247 0.26-0.32 Yes Yes
QS 0.18 0.0234 0.03881

Table 13. Benefits of employing FS-MPC technique in the proposed algorithm.

Data availability

Data available on request from the authors. The datasets used and/or analysed during the current study available
from the first and third authors on reasonable request. In the event of communication, the first and third authors
(Abdelkader Achar and Habib Benbouhenni, E-mail: a.acharl@yahoo.com, habib.benbouenni@nisantasi.edu.
tr) will respond to any inquiry or request.

Received: 10 October 2023; Accepted: 30 December 2023
Published online: 22 January 2024

Scientific Reports | (2024) 14:1905 | https://doi.org/10.1038/s41598-023-51110-3 nature portfolio



www.nature.com/scientificreports/

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mazumdar, J. et al. Neural network based method for predicting nonlinear load harmonics. IEEE Trans. Power Electron. 22(3),
1036-1045 (2007).
Khan, L, Vijay, A. & Doolla, S. Nonlinear load harmonic mitigation strategies in microgrids: State of the art. IEEE Syst. . 16(3),
4243-4255 (2021).

. Tepper, J. S. et al. A simple frequency-independent method for calculating the reactive and harmonic current in a nonlinear load.

IEEE Trans. Ind. Electron. 43(6), 647-654 (1996).

. Li, D. et al. A comprehensive review of improving power quality using active power filters. Electric Power Syst. Res. 199, 107389

(2021).

. Butfa, D., Grabowski, D. & Maciazek, M. A review on optimization of active power filter placement and sizing methods. Energies

15(3), 1175 (2022).

. Peng, F Z. Application issues of active power filters. IEEE Ind. Appl. Mag. 4(5), 21-30 (1998).
. Ahmed, S. D. et al. Grid integration challenges of wind energy: A review. IEEE Access 8, 10857-10878 (2020).
. Benbouhenni, H., Gasmi, H., Colak, I., Bizon, N. & Thounthong, P. Synergetic-PI controller based on genetic algorithm for DPC-

PWM strategy of a multi-rotor wind power system. Sci. Rep. 13, 13570. https://doi.org/10.1038/s41598-023-40870-7 (2023).

. Rivas-Lépez, M. E., Calderén-Ramén, J. A., Alvarez-Gallegos, A. M. & Naranjo-Mendoza, J. E. Optimization of a fractional-order

fuzzy control applied to a DFIG for wind turbine applications. Energies 14(3), 744 (2021).

Walid, K., Sofiane, M., Benbouhenni, H., Hamza, G. & Es-saadi, T. Application of third-order sliding mode controller to improve
the maximum power point for the photovoltaic system. Energy Rep. 9, 5372-5383. https://doi.org/10.1016/j.egyr.2023.04.366
(2023).

Al-Sumaiti, A. S., Banhidarah, A. K., Wescoat, J. L., Bamigbade, A. K. & Nguyen, H. T. Data collection surveys on the cornerstones
of the water-energy nexus: A systematic overview. IEEE Access 8, 93011-93027. https://doi.org/10.1109/ACCESS.2020.2995054
(2020).

Sierra-Garcia, J. E. & Santos, M. Improving wind turbine pitch control by effective wind neuro-estimators. IEEE Access 9, 10413—
10425. https://doi.org/10.1109/ACCESS.2021.3051063 (2021).

Yin, M. et al. Turbine stability-constrained available wind power of variable speed wind turbines for active power control. IEEE
Trans. Power Syst. 32(3), 2487-2488. https://doi.org/10.1109/TPWRS.2016.2605012 (2017).

de Oliveira, J. R. & Andreoli, A. L. Wind turbine emulator: A tool for experimental and computational study. IEEE Latin Am.
Trans. 19(11), 1832-1839. https://doi.org/10.1109/TLA.2021.9475616 (2021).

Benbouhenni, H. Two-level DPC strategy based on FNN algorithm of the DFIG-DRWT systems using two-level hysteresis con-
trollers for reactive and active powers. Renew. Energy Res. Appl. (RERA) 2(3), 137-146. https://doi.org/10.22044/rera.2021.10694.
1053 (2021).

Benbouhenni, H. A novel direct active and reactive power control method using fuzzy super twisting algorithms and modified
space vector modulation technique for an asynchronous generator-based dual-rotor wind powers. Iran. (Iranica) J. Energy Environ.
12(2), 109-117 (2021).

Benbouhenni, H. & Bizon, N. A synergetic sliding mode controller applied to direct field-oriented control of induction generator-
based variable speed dual-rotor wind turbines. Energies 14(15), 1-17. https://doi.org/10.3390/en14154437 (2021).
Benbouhenni, H. A 24-sectors DPC-FNN method of DFIG integrated to dual-rotor wind turbine. Int. J. Appl. Power Eng. (IJAPE)
10(4), 291-306 (2021).

Benbouhenni, H. & Bizon, N. Terminal synergetic control for direct active and reactive powers in asynchronous generator-based
dual-rotor wind power systems. Electronics 10(16), 1-23. https://doi.org/10.3390/en14154437 (2021).

Xiao, X.-Y,, Yang, R.-H., Chen, X.-Y. & Zheng, Z.-X. Integrated DFIG protection with a modified SMES-FCL under symmetrical
and asymmetrical faults. IEEE Trans. Appl. Supercond. 28(4), 1-6. https://doi.org/10.1109/TASC.2018.2802782 (2018).

Zou, Z.-C., Xiao, X.-Y,, Liu, Y.-F, Zhang, Y. & Wang, Y.-H. Integrated protection of DFIG-based wind turbine with a resistive-type
SECL under symmetrical and asymmetrical faults. IEEE Trans. Appl. Supercond. 26(7), 1-5. https://doi.org/10.1109/TASC.2016.
2574352 (2016).

Kong, H., He, ], Liu, Y., Cheng, P. & Ma, J. Improved direct power control of doubly fed induction generator without phase-locked
loop. In 2020 IEEE Sustainable Power and Energy Conference (iSPEC), Chengdu, China, 2020, pp. 199-204 (2020). https://doi.org/
10.1109/iSPEC50848.2020.9351036.

Nair, R. & Narayanan, G. Stator flux based model reference adaptive observers for sensorless vector control and direct voltage
control of doubly-fed induction generator. IEEE Trans. Ind. Appl. 56(4), 3776-3789. https://doi.org/10.1109/TIA.2020.2988426
(2020).

Erazo-Damidn, L, Apsley, J. M., Perini, R., lacchetti, M. F. & Marques, G. D. Stand-alone DFIG FOC sensitivity and stability under
mismatched inductances. IEEE Trans. Energy Convers. 34(2), 860-869. https://doi.org/10.1109/TEC.2018.2869286 (2019).

Yu, S. S., Zhang, G., Fernando, T. & Iu, H.H.-C. A DSE-based SMC method of sensorless DFIG wind turbines connected to power
grids for energy extraction and power quality enhancement. IEEE Access 6, 76596-76605. https://doi.org/10.1109/ACCESS.2018.
2883591 (2018).

Mondal, S. & Kastha, D. Input reactive power controller with a novel active damping strategy for a matrix converter fed direct
torque controlled DFIG for wind power generation. IEEE J. Emerg. Sel. Top. Power Electron. 8(4), 3700-3711. https://doi.org/10.
1109/JESTPE.2019.2938012 (2020).

Hu, B. et al. Impedance reshaping band coupling and broadband passivity enhancement for DFIG system. IEEE Trans. Power
Electron. 38(8), 9436-9447. https://doi.org/10.1109/TPEL.2023.3270364 (2023).

Benbouhenni, H. & Bizon, N. Improved rotor flux and torque control based on the third-order sliding mode scheme applied to
the asynchronous generator for the single-rotor wind turbine. Mathematics 9, 2297. https://doi.org/10.3390/math9182297 (2021).
Benbouhenni, H. Synergetic control theory scheme for asynchronous generator based dual-rotor wind power. J. Electr. Eng. Electron.
Control Comput. Sci. 7(4), 19-28 (2021).

Ullah, N., Sami, I., Chowdhury, M. S., Techato, K. & Alkhammash, H. I. Artificial intelligence integrated fractional order control
of doubly fed induction generator-based wind energy system. IEEE Access 9, 5734-5748. https://doi.org/10.1109/ACCESS.2020.
3048420 (2021).

Biswas, S., Nayak, P. K. & Pradhan, G. A dual-time transform assisted intelligent relaying scheme for the STATCOM-compensated
transmission line connecting wind farm. IEEE Syst. J. 16(2), 2160-2171. https://doi.org/10.1109/JSYST.2021.3070448 (2022).
Uddin, M. N,, Rezaei, N. & Arifin, M. S. Hybrid machine learning-based intelligent distance protection and control schemes with
fault and zonal classification capabilities for grid-connected wind farms. In 2022 IEEE Industry Applications Society Annual Meeting
(IAS), Detroit, MI, USA, 2022, pp. 1-8. https://doi.org/10.1109/IAS54023.2022.9939852.

Benbouhenni, H. Twelve sectors DPC control based on neural hysteresis comparators of the DFIG integrated to wind power. Tec.
Ital.-Ital. J. Eng. Sci. 64(2), 223-236 (2020).

Benbouhenni, H. High order sliding mode direct power control of a DFIG supplied by a five-level NSVPWM strategy for the wind
energy conversion system. Tec. Ital.-Ital. ]. Eng. Sci. 65(1) (2021).

Xiong, P. & Sun, D. Backstepping-based DPC strategy of a wind turbine-driven DFIG under normal and harmonic grid voltage.
IEEE Trans. Power Electron. 31(6), 4216-4225. https://doi.org/10.1109/TPEL.2015.2477442 (2016).

Scientific Reports |

(2024) 14:1905 | https://doi.org/10.1038/s41598-023-51110-3 nature portfolio


https://doi.org/10.1038/s41598-023-40870-7
https://doi.org/10.1016/j.egyr.2023.04.366
https://doi.org/10.1109/ACCESS.2020.2995054
https://doi.org/10.1109/ACCESS.2021.3051063
https://doi.org/10.1109/TPWRS.2016.2605012
https://doi.org/10.1109/TLA.2021.9475616
https://doi.org/10.22044/rera.2021.10694.1053
https://doi.org/10.22044/rera.2021.10694.1053
https://doi.org/10.3390/en14154437
https://doi.org/10.3390/en14154437
https://doi.org/10.1109/TASC.2018.2802782
https://doi.org/10.1109/TASC.2016.2574352
https://doi.org/10.1109/TASC.2016.2574352
https://doi.org/10.1109/iSPEC50848.2020.9351036
https://doi.org/10.1109/iSPEC50848.2020.9351036
https://doi.org/10.1109/TIA.2020.2988426
https://doi.org/10.1109/TEC.2018.2869286
https://doi.org/10.1109/ACCESS.2018.2883591
https://doi.org/10.1109/ACCESS.2018.2883591
https://doi.org/10.1109/JESTPE.2019.2938012
https://doi.org/10.1109/JESTPE.2019.2938012
https://doi.org/10.1109/TPEL.2023.3270364
https://doi.org/10.3390/math9182297
https://doi.org/10.1109/ACCESS.2020.3048420
https://doi.org/10.1109/ACCESS.2020.3048420
https://doi.org/10.1109/JSYST.2021.3070448
https://doi.org/10.1109/IAS54023.2022.9939852
https://doi.org/10.1109/TPEL.2015.2477442

www.nature.com/scientificreports/

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

. Kadi, S., Imarazene, K., Berkouk, E., Benbouhenni, H. & Abdelkarim, E. A direct vector control based on modified SMC theory
to control the double-powered induction generator-based variable-speed contra-rotating wind turbine systems. Energy Rep. 8,
15057-15066. https://doi.org/10.1016/j.egyr.2022.11.052 (2022).

Liao, T., Socha, K., Montes de Oca, M. A, Stiitzle, T. & Dorigo, M. Ant colony optimization for mixed-variable optimization
problems. IEEE Trans. Evol. Comput. 18(4), 503-518. https://doi.org/10.1109/TEVC.2013.2281531 (2014).

Yessef, M., Bossoufi, B., Taoussi, M., Benbouhenni, H., Lagrioui, A., Chojaa, H. Intelligent direct power control based on the neural
super-twisting sliding mode controller of a DFIG. In: Motahhir, S., Bossoufi, B. (eds) Digital Technologies and Applications. ICDTA
2023. Lecture Notes in Networks and Systems, vol. 669, 2023. Springer, Cham. https://doi.org/10.1007/978-3-031-29860-8_73.
Benbouhenni, H. Application of DPC and DPC-GA to the dual-rotor wind turbine system with DFIG. Int. J. Robot. Autom. 10(3),
224-234. https://doi.org/10.11591/ijra.v10i3.pp224-234 (2021).

Abreu Vieira, J. P,, Alves Nunes, M. V., Holanda Bezerra, U. & Barra, W. New fuzzy control strategies applied to the DFIG converter
in wind generation systems. IEEE Latin Am. Trans. 5(3), 142-149. https://doi.org/10.1109/TLA.2007.4378497 (2007).

Uddin, M. N., Amin, I. K., Rezaei, N. & Marsadek, M. Grey wolf optimization based power management strategy for battery storage
of DFIG-WECS in standalone operating mode. In 2018 IEEE Industry Applications Society Annual Meeting (IAS), Portland, OR,
USA, 2018, pp. 1-7 (2018). https://doi.org/10.1109/IAS.2018.8544633.

Kamel, O. M., Diab, A. A. Z,, Do, T. D. & Mossa, M. A. A novel hybrid ant colony-particle swarm optimization techniques based
tuning STATCOM for grid code compliance. IEEE Access 8, 41566-41587. https://doi.org/10.1109/ACCESS.2020.2976828 (2020).
Gasmi, H., Sofiane, M., Benbouhenni, H. & Bizon, N. Optimal operation of doubly-fed induction generator used in a grid-
connected wind power system. Iran. J. Electr. Electron. Eng. 19(2), 2431-2431. https://doi.org/10.22068/IJEEE.19.2.2431 (2023).
Jabr, H. M., Lu, D. & Kar, N. C. Design and implementation of neuro-fuzzy vector control for wind-driven doubly-fed induction
generator. I[EEE Trans. Sustain. Energy 2(4), 404-413. https://doi.org/10.1109/TSTE.2011.2160374 (2011).

Chojaa, H. et al. A novel DPC approach for DFIG-based variable speed wind power systems using DSpace. IEEE Access 11,
9493-9510. https://doi.org/10.1109/ACCESS.2023.3237511 (2023).

Bakouri, A., Mahmoudi, H., Abbou, A. & Moutchou, M. Optimizing the wind power capture by using DTC technique based on
Artificial Neural Network for a DFIG variable speed wind turbine. In 2015 10th International Conference on Intelligent Systems:
Theories and Applications (SITA), Rabat, Morocco, 2015, pp. 1-7 (2015). https://doi.org/10.1109/SITA.2015.7358425.

Fu, X. & Li, S. Training recurrent neural network vector controller for inner current-loop control of doubly fed induction generator.
In 2015 IEEE Power & Energy Society General Meeting, Denver, CO, USA, 2015, pp. 1-5 (2015). https://doi.org/10.1109/PESGM.
2015.7285980.

Benbouhenni, H., Boudjema, Z. & Belaidi, A. Comparison study between NPWM and NSVPWM strategy in FSMC control of
stator reactive and active powers control of a DFIG-based wind turbine system. Int. J. Appl. Power Eng. (IJAPE) 9(2), 159-172
(2020).

Benbouhenni, H. A comparison study between fuzzy PWM and SVM inverter in NSMC control of stator active and reactive power
control of a DFIG based wind turbine systems. Int. J. Appl Power Eng. (IJAPE) 8(1), 78-92 (2019).

Benbouhenni, H. Amelioration effectiveness of torque and rotor flux control applied to the asynchronous generator (AG) for
dual-rotor wind turbine using neural third-order sliding mode approaches. Int. J. Eng. Trans. C Asp. 35(03), 517-530 (2022).
Dzung, P. Q, Bao, A. N. & Lee, H. H. New artificial neural network based direct virtual torque control and direct power control
for DFIG in wind energy systems. In 2011 IEEE Ninth International Conference on Power Electronics and Drive Systems, Singapore,
2011, pp. 219-227 (2011). https://doi.org/10.1109/PEDS.2011.6147250.

Echiheb, . et al. Robust sliding-backstepping mode control of a wind system based on the DFIG generator. Sci. Rep. 12(1), 11782.
https://doi.org/10.1038/s41598-022-15960-7 (2022).

Benbouhenni, H. & Lemdani, S. Combining synergetic control and super twisting algorithm to reduce the active power undula-
tions of doubly fed induction generator for dual-rotor wind turbine system. Electr. Eng. Electromech. https://doi.org/10.20998/
2074-272X.2021.3.02 (2021).

Benbouhenni, H., Mehedi, F. & Soufiane, L. New direct power synergetic-SMC technique based PWM for DFIG integrated to a
variable speed dual-rotor wind power. Automatika 63(4), 718-731. https://doi.org/10.1080/00051144.2022.2065801 (2022).
Khan, M. & Sun, H. Complete provision of MPC-based LFC by electric vehicles with inertial and droop support from DFIG-based
wind farm. IEEE Trans. Power Deliv. 37(2), 716-726. https://doi.org/10.1109/TPWRD.2021.3069740 (2022).

SguareziFilho, A. ], de Oliveira, A. L., Rodrigues, L. L., Costa, E. C. M. & Jacomini, R. V. A robust finite control set applied to
the DFIG power control. IEEE J. Emerg. Sel. Top. Power Electron. 6(4), 1692-1698. https://doi.org/10.1109/JESTPE.2018.2833474
(2018).

Zhang, Y. & Jiang, T. Robust predictive rotor current control of a doubly fed induction generator under an unbalanced and distorted
grid. IEEE Trans. Energy Convers. 37(1), 433-442. https://doi.org/10.1109/TEC.2021.3104410 (2022).

Hu, Y. et al. A novel adaptive model predictive control strategy for DFIG wind turbine with parameter variations in complex power
systems. IEEE Trans. Power Syst. 38(5), 4582-4592. https://doi.org/10.1109/TPWRS.2022.3213085 (2023).

Soliman, M., Malik, O. P. & Westwick, D. T. Multiple model predictive control for wind turbines with doubly fed induction genera-
tors. IEEE Trans. Sustain. Energy 2(3), 215-225. https://doi.org/10.1109/TSTE.2011.2153217 (2011).

Zhou, C., Wang, Z., Xin, H. & Ju, P. A P-Q coordination based model predictive control for DFIG high-voltage ride through. IEEE
Trans. Energy Convers. 37(1), 254-263. https://doi.org/10.1109/TEC.2021.3088464 (2022).

Zhang, Y., Jiang, T. & Jiao, ]. Model-free predictive current control of DFIG based on an extended state observer under unbalanced
and distorted grid. IEEE Trans. Power Electron. 35(8), 8130-8139. https://doi.org/10.1109/TPEL.2020.2967172 (2020).

Cruz, S. M. A,, Marques, G. D., Gongalves, P. F. C. & Iacchetti, M. F. Predictive torque and rotor flux control of a DFIG-DC system
for torque ripple compensation and loss minimization. IEEE Trans. Ind. Electron. 65(12), 9301-9310. https://doi.org/10.1109/TIE.
2018.2818667 (2018).

Zhang, Y., Zhang, S., Jiang, T, Jiao, J. & Xu, W. A modified model-free predictive current control method based on an extended
finite control set for DFIGs applied to a nonideal grid. IEEE Trans. Ind. Appl. 58(2), 2527-2536. https://doi.org/10.1109/TIA.2021.
3137759 (2022).

Conde, E. R, Lunardi, A., Normandia Lourengo, L. E. & Filho, A. ]. S. A predictive repetitive current control in stationary reference
frame for DFIG systems under distorted voltage operation. IEEE J. Emerg. Sel. Top. Power Electron. 10(5), 5809-5818. https://doi.
org/10.1109/JESTPE.2022.3173973 (2022).

Liu, X. & Kong, X. Nonlinear model predictive control for DFIG-based wind power generation. IEEE Trans. Autom. Sci. Eng. 11(4),
1046-1055. https://doi.org/10.1109/TASE.2013.2284066 (2014).

Gomez, L. A. G. et al. Primary frequency response of microgrid using doubly fed induction generator with finite control set model
predictive control plus droop control and storage system. IEEE Access 8, 189298-189312. https://doi.org/10.1109/ACCESS.2020.
3031544 (2020).

Rodrigues, L. L., Vilcanqui, O. A. C., Murari, A. L. L. E & Filho, A. J. S. Predictive power control for DFIG: A FARE-based weighting
matrices approach. IEEE J. Emerg. Sel. Top. Power Electron. 7(2), 967-975. https://doi.org/10.1109/JESTPE.2019.2898924 (2019).
Sun, D. & Wang, X. Low-complexity model predictive direct power control for DFIG under both balanced and unbalanced grid
conditions. IEEE Trans. Ind. Electron. 63(8), 5186-5196. https://doi.org/10.1109/TIE.2016.2570201 (2016).

Kou, P, Liang, D., Li, J., Gao, L. & Ze, Q. Finite-control-set model predictive control for DFIG wind turbines. IEEE Trans. Autom.
Sci. Eng. 15(3), 1004-1013. https://doi.org/10.1109/TASE.2017.2682559 (2018).

Scientific Reports |

(2024) 14:190

5 | https://doi.org/10.1038/s41598-023-51110-3 nature portfolio


https://doi.org/10.1016/j.egyr.2022.11.052
https://doi.org/10.1109/TEVC.2013.2281531
https://doi.org/10.1007/978-3-031-29860-8_73
https://doi.org/10.11591/ijra.v10i3.pp224-234
https://doi.org/10.1109/TLA.2007.4378497
https://doi.org/10.1109/IAS.2018.8544633
https://doi.org/10.1109/ACCESS.2020.2976828
https://doi.org/10.22068/IJEEE.19.2.2431
https://doi.org/10.1109/TSTE.2011.2160374
https://doi.org/10.1109/ACCESS.2023.3237511
https://doi.org/10.1109/SITA.2015.7358425
https://doi.org/10.1109/PESGM.2015.7285980
https://doi.org/10.1109/PESGM.2015.7285980
https://doi.org/10.1109/PEDS.2011.6147250
https://doi.org/10.1038/s41598-022-15960-7
https://doi.org/10.20998/2074-272X.2021.3.02
https://doi.org/10.20998/2074-272X.2021.3.02
https://doi.org/10.1080/00051144.2022.2065801
https://doi.org/10.1109/TPWRD.2021.3069740
https://doi.org/10.1109/JESTPE.2018.2833474
https://doi.org/10.1109/TEC.2021.3104410
https://doi.org/10.1109/TPWRS.2022.3213085
https://doi.org/10.1109/TSTE.2011.2153217
https://doi.org/10.1109/TEC.2021.3088464
https://doi.org/10.1109/TPEL.2020.2967172
https://doi.org/10.1109/TIE.2018.2818667
https://doi.org/10.1109/TIE.2018.2818667
https://doi.org/10.1109/TIA.2021.3137759
https://doi.org/10.1109/TIA.2021.3137759
https://doi.org/10.1109/JESTPE.2022.3173973
https://doi.org/10.1109/JESTPE.2022.3173973
https://doi.org/10.1109/TASE.2013.2284066
https://doi.org/10.1109/ACCESS.2020.3031544
https://doi.org/10.1109/ACCESS.2020.3031544
https://doi.org/10.1109/JESTPE.2019.2898924
https://doi.org/10.1109/TIE.2016.2570201
https://doi.org/10.1109/TASE.2017.2682559

www.nature.com/scientificreports/

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Ghennam, T., Aliouane, K., Akel, F,, Francois, B. & Berkouk, E. M. Advanced control system of DFIG based wind generators for
reactive power production and integration in a wind farm dispatching. Energy Convers. Manag. 105, 240-250. https://doi.org/10.
1016/j.enconman.2015.07.058 (2015).

Laghridat, H., Essadki, A. & Nasser, T. Coordinated control by ADRC strategy for a wind farm based on SCIG considering low
voltage ride-through capability. Prot. Control Mod. Power Syst. 7(7), 1-18. https://doi.org/10.1186/s41601-022-00227-0 (2022).
Atallah, M. et al. Power control and management of DFIGs wind farm equipped with aggregation methods by using local supervi-
sion unit based on S-function builder. J. Control Autom. Electr. Syst. 33, 1-17. https://doi.org/10.1007/s40313-021-00855-1 (2022).
Atallah, M. et al. Grid synchronization of equivalent wind farm equipped with DFIG model for transient stability by using nonlinear
integral backstepping control. Arab. J. Sci. Eng. 48(5), 5771-5783. https://doi.org/10.1007/s13369-022-07021-y (2023).

Abbes, M. & Allagui, M. Participation of PMSG-based wind farms to the grid ancillary services. Electric Power Syst. Res. 136,
201-211. https://doi.org/10.1016/j.epsr.2016.02.028 (2016).

Merahi, E, Badoud, A. E. & Mekhilef, S. A novel power management strategies in PV-wind-based grid connected hybrid renewable
energy system using proportional distribution algorithm. Int. Trans. Electr. Energy Syst. 31(7), e12931. https://doi.org/10.1002/
2050-7038.12931 (2021).

Senapati, M. K., Pradhan, C., Nayak, P. K. & Samantaray, S. R. Lagrange interpolating polynomial-based deloading control scheme
for variable speed wind turbines. Int. Trans. Electr. Energy Syst. 29(5), €2824. https://doi.org/10.1002/2050-7038.2824 (2019).
Djeriri, Y. Lyapunov-based robust power controllers for a doubly fed induction generator. Iran. J. Electr. Electron. Eng. 16(4),
551-558. https://doi.org/10.22068/IJEEE.16.4.551 (2020).

Elyaalaoui, K., Ouassaid, M. & Cherkaoui, M. Dispatching and control of active and reactive power for a wind farm considering
fault ride-through with a proposed PI reactive power control. Renew. Energy Focus 28, 56-65. https://doi.org/10.1016/j.ref.2018.
11.002 (2019).

Labbadi, M., Elyaalaoui, K., Bousselamti, L., Ouassaid, M. & Cherkaoui, M. Supervisory and power control systems of a WF for
participating in auxiliary services. In: Modeling, Optimization and Intelligent Control Techniques in Renewable Energy Systems: An
Optimal Integration Of Renewable Energy Resources Into Grid 63-86 (Springer, 2022). https://doi.org/10.1007/978-3-030-98737-4_4.
Achar, A. et al. Lyapunov-based robust power controllers for a wind farm using parallel multicell converters. Przeglgd Elektrotech-
niczny 99(4), 247-254. https://doi.org/10.15199/48.2023.04.43 (2023).

Gaillard, A., Poure, P, Saadate, S. A. & Machmoum, M. Variable speed DFIG wind energy system for power generation and har-
monic current mitigation. Renew. Energy 34(6), 1545-1553. https://doi.org/10.1016/j.renene.2008.11.002 (2009).

Lunardi, A. & Sguarezi Filh, A. J. Current control for DFIG systems under distorted voltage using predictive-repetitive control.
IEEE J. Emerg. Sel. Top. Power Electron. 9(4), 4354-4363. https://doi.org/10.1109/jestpe.2020.3025503 (2020).

Alsmadi, Y. M. et al. Detailed investigation and performance improvement of the dynamic behavior of grid-connected DFIG-based
wind turbines under LVRT conditions. IEEE Trans. Ind. Appl. 54(5), 4795-4812. https://doi.org/10.1109/T1A.2018.2835401 (2018).
Senapati, M. K., Pradhan, C., Nayak, P. K., Padmanaban, S. & Gjengedal, T. Modified demagnetisation control strategy for low-
voltage ride-through enhancement in DFIG-based wind systems. IET Renew. Power Gener. 14(17), 3487-3499. https://doi.org/
10.1049/iet-rpg.2019.1128 (2020).

Igbal, M. et al. Neural networks based shunt hybrid active power filter for harmonic elimination. IEEE Access 9, 69913-69925.
https://doi.org/10.1109/ACCESS.2021.3077065 (2021).

Bajaj, M. et al. A Lyapunov-function based controller for 3-phase shunt active power filter and performance assessment considering
different system scenarios. IEEE Access 9, 66079-66102. https://doi.org/10.1109/ACCESS.2021.3075274 (2021).

Zhang, X., Li, C., Li, D. & Jiang, S. Study on operation parameter characteristics of induction filter distribution transformer in
low-voltage distribution network. IEEE Access 9, 78764-78773. https://doi.org/10.1109/ACCESS.2021.3083750 (2021).

Moreira, A. B. et al. Control of powers for wind power generation and grid current harmonics filtering from doubly fed induction
generator: Comparison of two strategies. IEEE Access 7, 32703-32713. https://doi.org/10.1109/ACCESS.2019.2899456 (2019).
Moreira, A. B., Barros, T. A. S., Teixeira, V. S. C. & Ruppert, E. Power control for wind power generation and current harmonic
filtering with doubly fed induction generator. Renew. Energy 107, 181-193. https://doi.org/10.1016/j.renene.2017.01.059 (2017).
Swami Naidu, N. K. & Singh, B. Doubly fed induction generator for wind energy conversion systems with integrated active filter
capabilities. IEEE Trans. Ind. Inform. 11(4), 923-933. https://doi.org/10.1109/TI11.2015.2446767 (2015).

Djeriri, Y., Meroufel, A., Massoumand, A. & Boudjema, Z. A. A comparative study between field oriented control strategy and
direct power control strategy for DFIG. J. Electr. Eng. 14(2), 9 (2014).

Hansen, A. D. & Michalke, G. Fault ride-through capability of DFIG wind turbines. Renew. Energy 32(9), 1594-1610. https://doi.
org/10.1016/j.renene.2006.10.008 (2007).

Yang, X., Liu, G., Le, V. D. & Le, C. Q. A novel model predictive direct control for induction motor drives. IEE] Trans. Electr.
Electron. Eng. 14(11), 1691-1702. https://doi.org/10.1002/tee.22992 (2019).

Bouderbala, M., Bossoufi, B., Aroussi, H. A., Taoussi, M. & Lagrioui, A. Novel deadbeat predictive control strategy for DFIG’s
back to back power converter. IJPEDS Int. ]. Power Electron. Drive Syst. 13(1), 2731-2741. https://doi.org/10.11591/ijpeds.v13.il.
pp2731-2741 (2022).

Alami, H. E. et al. Robust finite control-set model predictive control for power quality enhancement of a wind system based on
the DFIG generator. Energies 16(3), 1422. https://doi.org/10.3390/en16031422 (2023).

Hassine, I. M. B, Naouar, M. W. & Mrabet-Bellaaj, N. Predictive control strategies for wind turbine system based on permanent
magnet synchronous generator. ISA Trans. 62, 73-80. https://doi.org/10.1016/j.isatra.2015.12.002 (2016).

Senapati, M. K, Pradhan, C., Samantaray, S. R. & Nayak, P. K. Improved power management control strategy for renewable energy-
based DC micro-grid with energy storage integration. IET Gener. Transm. Distrib. 13(6), 838-849. https://doi.org/10.1049/iet-gtd.
2018.5019 (2018).

Author contributions

Conceptualization: methodology:A.A., Y.D., H.B., N.B. software:A.A., Y.D., H.B.. validation:A.A., Y.D., H.B.,
N.B. investigation:A.A., Y.D., H.B., N.B. resources:A.A., Y.D., H.B., Ilhami Colak, M.O., N.B. data curation:A.A.,
H.B., I.C., M.O,, N.B. writing—original draft preparation:A.A., Y.D., H.B.. supervision:H.B., I.C., M.O., N.B.
project administration:A.A., Y.D., H.B.. formal analysis: Y.D., H.Be., I.C., M.O., N.B. funding acquisition:H.B.,
M.O., N.B. visualization: H.B., I.C., M.O., N.B. writing—review and editing: A.A., Y.D., H.B., .C., M.O., N.B.
All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.A.

Scientific Reports |

(2024) 14:1905 | https://doi.org/10.1038/s41598-023-51110-3 nature portfolio


https://doi.org/10.1016/j.enconman.2015.07.058
https://doi.org/10.1016/j.enconman.2015.07.058
https://doi.org/10.1186/s41601-022-00227-0
https://doi.org/10.1007/s40313-021-00855-1
https://doi.org/10.1007/s13369-022-07021-y
https://doi.org/10.1016/j.epsr.2016.02.028
https://doi.org/10.1002/2050-7038.12931
https://doi.org/10.1002/2050-7038.12931
https://doi.org/10.1002/2050-7038.2824
https://doi.org/10.22068/IJEEE.16.4.551
https://doi.org/10.1016/j.ref.2018.11.002
https://doi.org/10.1016/j.ref.2018.11.002
https://doi.org/10.1007/978-3-030-98737-4_4
https://doi.org/10.15199/48.2023.04.43
https://doi.org/10.1016/j.renene.2008.11.002
https://doi.org/10.1109/jestpe.2020.3025503
https://doi.org/10.1109/TIA.2018.2835401
https://doi.org/10.1049/iet-rpg.2019.1128
https://doi.org/10.1049/iet-rpg.2019.1128
https://doi.org/10.1109/ACCESS.2021.3077065
https://doi.org/10.1109/ACCESS.2021.3075274
https://doi.org/10.1109/ACCESS.2021.3083750
https://doi.org/10.1109/ACCESS.2019.2899456
https://doi.org/10.1016/j.renene.2017.01.059
https://doi.org/10.1109/TII.2015.2446767
https://doi.org/10.1016/j.renene.2006.10.008
https://doi.org/10.1016/j.renene.2006.10.008
https://doi.org/10.1002/tee.22992
https://doi.org/10.11591/ijpeds.v13.i1.pp2731-2741
https://doi.org/10.11591/ijpeds.v13.i1.pp2731-2741
https://doi.org/10.3390/en16031422
https://doi.org/10.1016/j.isatra.2015.12.002
https://doi.org/10.1049/iet-gtd.2018.5019
https://doi.org/10.1049/iet-gtd.2018.5019

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports | (2024) 14:1905 | https://doi.org/10.1038/s41598-023-51110-3 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Self-filtering based on the fault ride-through technique using a robust model predictive control for wind turbine rotor current
	Proposed WF and control
	Algorithm based on the proportional distribution of power references
	Central supervision unit of the WF
	Local supervision unit of the WF
	Mode 1 (MPPT). 
	Mode 2 (delta). 
	Mode 3 (fault). 
	Mode 4 (filtering). 


	Filtering system offered by FS-MPC technique
	Algorithm for the proposed approach
	References harmonic generator
	Model-based predictive current control


	Validation and discussion
	Implementing the management of Ps and Qs while ensuring low voltage ride through (LVRT)
	Performance comparison under symmetrical and asymmetrical fault
	Self-filtering of WF
	Techno-economic study of the proposed system

	Conclusions
	References


