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In the field of control, many approaches have been used to control generators, where indirect vector
control (IVC) is considered one of the most prominent of these approaches due to its many advantages.
This approach has a fast response time (RT) and is quite easy to realize. However, its reliance on
traditional controllers makes this approach less efficient and less effective if the system parameters
change. Consequently, this work proposes a new IVC approach for doubly-fed induction generators
(DFIG) used in contra-rotating wind turbine (CRWT) systems. The designed IVC employs a super-
twisting control to eliminate the instantaneous errors of the DFIG power using the direct calculation
of the control voltage required by the rotor, which will lead to the improvement of the transient
performance. In addition, a constant switching frequency is obtained using the multilevel fuzzy
modified space vector modulation proposed for controlling the DFIG inverter, facilitating the design of
harmonic AC filters. To evaluate the proposed solution, a digital simulation of the CRWT system was
verified using MATLAB with the power of the used generator being 1.5 MW. For more accuracy, two
tests were used to study the efficiency of the suggested control compared to the efficiency of the IVC
in terms of getting better system features. The obtained results showed the efficacy of the designed
control compared to the IVC and some of the different existing techniques in terms of enhancing
system features. The suggested approach minimized torque fluctuations, active power, and current in
the first test compared to the IVC approach by ratios estimated at 93%, 97%, and 98%, respectively.
Also, the RT for reactive power, active power, and torque was reduced by 99.05%, 98.60%, and
98.60%, respectively, compared to the conventional IVC approach. In both tests, the designed
approach minimized the harmonic distortion of the stream by ratios estimated at 18.02% and 16.22%
compared to the conventional IVC approach. These obtained results were verified using empirical work,
where hardware-in-the-loop simulation was used for this purpose. Accordingly, the empirical results
demonstrated the validity, durability, and competence of the designed approach compared to the
base IVC approach. Both the simulative and empirical results validate that the designed approach is of
great importance in the field of control and renewable powers, as it can be relied upon to enhance the
features of the systems. Therefore, the designed control has a promising future.
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Renewable energies (REs) are in continuous development as a result of reliance on them to decrease the emission
of toxic gases and overcome the problem of the increasing demand for electrical energy (EE)!. REs contribute
significantly to global energy production, as they have many and varied advantages that qualify them to be the
most desired source of generating EE and an effective solution for non-petroleum countries. Using these sources
allows reducing the bill for producing and importing EE. Solar energy, wind energy (WE), potential hydropower,
wave energy, and ocean currents are among the most prominent RE sources currently relied upon to generate
EE% WE is one of the types of REs on which researchers have focused a lot in the field of EE generation, as it
relies on the use of turbines called wind turbines (WTs) to transfer WE into mechanical power (MP). The latter
is used to rotate the generator and thus generate electric current’. Because of its cleanliness, ease, profitability,
and non-exhaustion, the WE has become one of the most important and promising techniques in the future.

In fact, this RE respects the environment and helps to reduce carbon dioxide significantly, as the use of these
clean energies inevitably leads to a diminution in dependence on conventional sources that produce toxic gases.
As it is known, toxic gases are undesirable because they help pollute the atmosphere and raise the temperature
of the atmosphere®*. One of the downsides of toxic gases in the atmosphere is that it helps in dehydration and
chronic diseases.

In the field of WE, WTs are one of the most essential elements of the WE system, as they have received great
interest from all researchers to enhance the EE quality gained from WE and raise its value. These WTs can be
divided into two main branches, and each branch has advantages and disadvantages. The first kind is fixed-
speed WTs (FSWTs)® and the second kind is variable-speed WTs (VSWTs)®. But, the VSWT is more used in WE
compared to the FSWT system. Several scientific studies have concluded that operating at a variable-speed allows
extracting more energy from the wind compared to using an FSWT”. This is what is observed in recent times, the
heavy reliance on VSWTs in the establishment of WT farms and the generation of stream. According to the work
done in®, WTs can be classified into vertical-axis WTs and vertical-axis WTs. The difference between the two
types lies in the energy yield obtained, ease of control, cost, ease of maintenance, and ease of implementation on
the ground. Horizontal axis WTs are considered the most widespread on land and at sea compared to the other
type’. In'?, a novel WT has emerged under the name multi-rotor WT to replace traditional WTs in producing
EE. These WTs are described by high efficacy and great robustness compared to usual W'Ts, as their use leads to
a significant augment in the MP gained from the WE!!. Also, the use of these WTs overcomes the WE generated
between the WTs in the WE farm, which allows increasing the yield of WE farms.

To generate EE from VSWTs, several generators can be used. Among these generators, most popular ones
are induction generator (IG)'?, doubly-fed IG (DFIG)'?, wound rotor synchronous generator, squirrel cage IG,
and permanent magnet synchronous generator (PMSG)'*. The DFIG is the largely used and researched in the
field of the VSWTs, due to their many and varied characteristics. The latter can be summed up in easy to control,
robustness, it features minimum energy loss, efficiency, low cost, and less maintenance!®. In addition, these
generators can operate at a speed that varies by 33% around the synchronous speed!®. To obtain a high-power
quality created from DFIG, several control techniques are used. Among these techniques, direct power control
(DPC)Y, super-twisting algorithm'®, sliding mode control (SMC)', backstepping control (BC)?, fuzzy logic
(FL) control?!, field-oriented control (FOC)?, direct torque control (DTC)%, terminal synergetic control (SC)*,
and hybrid control®>-?® are very popular techniques. In power systems (PSs) that rely on WE, the quality of the
resulting EE is one of the most famous drawbacks that hinder the spread of these PSs. Also, the resulting EE is
largely linked to the wind speed (WS) profile, which causes disturbances in energy production in difficult natural
conditions, leading to unwanted problems at the network level. So the choice of the type of control used is
important, as the control approach has an important role in improving power quality. So, it is necessary to choose
a suitable controller with high performance, great efficacy, and high durability. Recently, many researchers have
developed and proposed new controls based on combining controls with the aim of obtaining a new control
with high features.

Vector control (VC) is one of the largest and most used techniques in AC machines because it is a simple
approach®. This approach uses a traditional proportional-integral (PI) type regulator to control the feature
quantities, which makes it have a simple structure that offers a fast dynamic response (DR)*!. Also, this
approach uses pulse width modulation (PWM) to run the machine’s inverter, making it experimentally easy and
inexpensive to implement. This approach was used to control several equipment, including interior permanent
magnet (PM) synchronous motors*2, DFIG??, PMSG>4, PMSM>>%¢, and three-phase PM motors®’. There are two
kinds of VC techniques which are as follows: direct VC (DVC)* and indirect VC (IVC)*, where they differ in
terms of the difficulty, the results obtained, the degree of vulnerability to the change of DFIG parameters, and
the number of controls used to control the distinct quantities. The IVC approach is rather complicated compared
to the DVC. Using the VC approach in the field of controlling electrical machines (EMs) has several problems,
as it presents larger ripples of stream and torque. Also, durability decreases if machine parameters change.
This approach provided unsatisfactory results compared to both DTC and FS-MPC techniques presented in“’.
According to the work*!, the IVC approach is one of the reliable approaches for controlling EMs due to its fast
DR and ease of experimental realization. Compared to DTC or DPC, the IVC approach provides lower power
and current quality when using DFIG, as there is a significant impact if the DFIG parameters change. This
effect appears significantly in the high fluctuations of power, stream, and torque. Also, a significant increase in
the value of total harmonic distortion (THD) of current. All of these drawbacks limit the spread of this type of
control in the field of REs.

Several works have suggested a new technique for IVC using artificial intelligence. In*2, IVC was suggested
based on a neuro-FL technique to regulate the DFIG-W'T energy. In this paper, the neuro-FL algorithm was used
to replace traditional PI controllers, because its use allows a significant augment in competence and robustness,
as demonstrated by simulation results. However, the drawback of energy fineness remains an issue, especially in
the event of a change in the machine’s parameters, as a noticeable augment in power ripples is observed in the
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robustness test. In??, the use of type 2 FL (T2FL) was designed to enhance the IVC performance of DFIG. The
T2FL approach was used to replace usual regulators, as the resulting approach is described by high robustness
and distinguished performance in terms of minimizing EE fluctuations and the stream THD compared to IVC
of DFIG and this is shown by the results in all tests. However, the use of the T2FL approach leads to an augment
in the degree of complexity by using a larger number of gains and therefore difficulty in its implementation.
However, it is worth noting that the number of rules is adequate for the T2FL approach to achieve good results
as if a larger number of rules is used, the PS becomes heavier, which is not desirable. Neural networks (NNs)
were used as a suitable solution to defeat the shortcomings of the IVC approach of DFIG in*, where classical
controllers were dispensed with and replaced with other neural-type controllers. NN-IVC is simple and easy
to implement, effective in reducing current ripple and THD value, and with high robustness and fast DR. This
approach was confirmed using MATLAB, and the results showed the high efficacy of the NN-IVC approach
compared to the baseline IVC-PI approach. Despite this good competence, stream and energy ripples are still
present and they increase noticeably, especially in the robustness test, which is a negative matter that makes the
search for the best reliable approach continue to obtain high fineness energy in the event of a fault in the PS.

There are those who believe that nonlinear approaches are among the best solutions that can be relied upon
to overcome the problems of the IVC approach. In?, the IVC was suggested based on adaptive BC-SMC of the
DFIG-based contra-rotating WT (CRWT). The use of the adaptive BC-SMC led to ameliorating the problems
and defects of the IVC largely, and this is shown by the value of stream THD and energy ripple compared to the
IVC-PL

The super-twisting SMC (STSM) is a nonlinear method that has been popularized recently in the field of
generator regulation. In recent years, they have been used more in RE due to some advantages like low
dependency on the machine parameters, more simplicity, and robust control. The STSM approach was introduced
in 1999 by Utkin et al.*6, especially for nonlinear PSs. This regulator does not need the model of AC machines;
moreover, the STSM regulator is not sensitive to parameter variations compared to the classical controller such
as PI controllers or hysteresis controllers (HCs). In the STSM approach, the output signal from the STSM is
comparable with the control signal realized from conventional PI¥7. In*, the authors proposed the use of the
DPC with STSM approaches for DFIG. In this proposed approach, HCs were dispensed with and replaced with
an STSM, and SVM (Space vector modulation) was used instead of the switching table (ST). The use of the STSM
greatly improved the drawbacks of the DPC, especially in the case of changing the DFIG parameters. However,
the DPC-STSM is described by its ease of realization, simplicity, and high solidity. Also, there are always ripples
in current and energy. It was proposed to improve the effectiveness of the SMC approach based on the use of the
STSM strategy to control the DC microgrid®. In this proposed strategy, the switching rule of the conventional
sliding mode control has been changed by adding super twisting control law. The proposed approach is
characterized by high performance and great robustness, which differs from the traditional approach. This
proposed strategy ensures the stability of the system during steady state and ensures that the output voltage
remains constant whether the input voltage changes or the load power is constant. The performance of the
proposed controller is verified through both simulations in MATLAB/Simulink and experimental studies. The
obtained results showed that the proposed strategy significantly reduced the effect of chatter, which is the biggest
drawback of sliding mode control. The disadvantage of the proposed approach lies in its complexity, which
increases the difficulty of completion and costs, which is undesirable. In>, the robustness of the photovoltaic
(PV) system was enhanced by using the STSM regulators. In this work, the STSM approach was used to enhance
the features of the maximum power point tracking (MPPT) approach of PV. The STSM-MPPT approach is a
simple, effective, robust approach, and has effective performance compared to the MPPT, and this is what the
results show. However, despite the outstanding performance of STSM-MPPT, the drawback of EE fluctuations
remains, and this negativity can be attributed to the choice of STSM-MPPT parameters. In°!, a PMSM command
based on STSM regulators has been designed. The use of the STSM to control the PMSM led to an enhancement
in the DR, and this is shown by the response time (RT) to torque and speed compared to the PI control. The use
of the STSM controller makes the control PS not affected much by the change of machine parameters, and this
is a good thing indicating the high ability of the STSM controller. STSM was designed to control the DC
machine®, as using this approach does not require complex calculations or large costs. The designed control is
simple, efficient, and has a low gain number which makes adjusting the DR easier. This designed approach was
experimentally realized using dSPACE 1104, with results compared to the usual approach. Experimental results
showed that using STSM significantly improved DC machine performance. However, the drawback of torque
and stream fluctuations remains present, as it is observed that there are fluctuations at the level of torque and
stream. In®3, the efficiency of the interior PMSM was enhanced by using the STSM. The use of the STSM to
control the interior PMSM significantly overcame the drawbacks of the PI control such as torque fluctuations
and response time (RT). Another approach for STSM was proposed in*, where this approach is NN-STSM. The
NN-STSM approach is a combination of NN and STSM, where NNs were used as a suitable solution to augment
the robustness and performance of the STSM approach. This designed approach was applied to the DPC of
DFIG, where HC was compensated with NN-STSM type controllers and ST was compensated using the PWM
approach. The DPC-NN-STSM approach is different from the DPC in terms of performance, efficiency,
robustness, and effectiveness. But the same estimation equations are used as in the DPC. This approach was
realized using MATLAB, where variable WS profile was used. All test results prove the higher efficacy of the
DPC-NN-STSM compared to the DPC and this is shown by minimizing the stream THD, overshoot, steady-
state error (SSE), and ripples of EE. Despite this performance, in the robustness test, it is noted that this designed
approach was greatly affected due to its reliance on power estimation. This effect appears significantly in high
fluctuation values, overshoot, SSE, and stream THD. The STSM approach was used in®° as a suitable solution to
augment the competence of the direct FOC approach of the multi-phase induction motor (MPIM). The suggested
approach is the development of FOC-PI, where all PI controllers are replaced with STSM-type controllers. The
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use of STSM allows for a significant augment in robustness and performance. But using STSM increases the
number of gains and complexity compared to using PI. The designed approach, FOC-STSM, was realized using
MATLAB and experimentally, where dSPACE 1104 was used to verify the approach experimentally under
different working conditions. The FOC-STSM approach provided better results than FOC-PI, and this is
confirmed by the simulation and experimental results. The proposed approach has the disadvantages of
complexity, experimental cost, and unsatisfactory DR compared to FOC-PL. Also, the drawback of torque and
stream fluctuations remains present, causing a problem for the PS, as this negativity can be attributed to not
using smart approaches to estimate the gains of the designed control. The*® presents a development control to
enhance the efficiency of the DC bus voltage loop regulation in a WE converter system driven by DFIG, where,
the STSM is based on a metaheuristics control approach. It has been proven through this work that the
combination of non-linear controls and intelligent controls is of great importance in improving current accuracy
and is considered one of the best reliable solutions that can be relied upon in the field of regulating EMs. In*’, it
is proposed to use thermal exchange optimization-based STSM to enhance the robustness and reduce the cons
of the DPC used for controlling DFIG. The latter is present in the generation PS that uses a single-rotor WT. The
suggested approach in this work is described by robustness and its ability to enhance the stream quality and
minimize fluctuations significantly compared to the IVC.DPC based on a second-order SMC (SOSMC)
controller is a different approach from the DPC in terms of competence, robustness, control idea, ease of
realization, number of gains, and DR. This designed approach uses the same power estimation equations found
in DPC. MATLAB was used to realize this approach, where a variable WS profile was used to study the
performance and compare the results with DPC. All test results show the advantage of this approach over DPC,
and this is demonstrated by the graphical results and the stream THD. Despite this superiority, the problem of
power fluctuations remains, which is a negative matter due to the use of power estimation. Also, there are a
significant number of gains that make DR adjustment difficult, even if smart approaches are used to determine
them®8. The STSM and the FL method were combined to control the horizontal-axis WT with DFIG feeding
directly from the mains in the stator and using two converters, one on the stator side (SGC) and another on the
rotor side (RSC)*>®°. The FL-STSM approach is described by high competence and great robustness compared
to the STSM approach and PI control, which was used to control the RSC. Note that the outputs of the FL-STSM
approach are voltage reference values (VRVs) which are then converted to pulses using the PWM approach.
MATLAB was used to realize the FL-STSM approach using a variable WS profile to study the efficiency and
effectiveness compared to traditional control. All test results highlight the high competence of the FL-STSM
approach, and this is demonstrated by the minimization of energy fluctuations and the stream THD. The use of
the FL-STSM approach has many disadvantages since the use of this approach requires the estimation of powers,
which makes them affected if the DFIG parameters change. Also, it is noted that ripples remain present at the
energy and stream levels, which is negative. There is also no mathematical rule that facilitates the use of the FL
approach in choosing the best number of rules to obtain good results, which makes it difficult to obtain strong
control. The FL-STSM approach has a significant number of gains, which makes it difficult to adjust the DR value
easily. All these drawbacks limit the spread of this control in the field of control. In®!, particle swarm optimization
(PSO) was used to increase the solidity of the STSM. This intelligent approach is used to estimate the parameters
of the STSM to adjust the optimal response. The PSO-STSM approach is easy, inexpensive, and easy to realize,
and applying it to PSs does not require precise information about the mathematical model (MM). This designed
approach was realized using MATLAB and was compared with the traditional approach. The results presented
showed that using this approach led to a significant enhancement and increase in energy quality. But the problem
of gossip still exists, as it has not been eliminated. In the robustness test, it is noted that this designed approach
was significantly affected by changing PS parameters, which is negative. In®?, an NN-STSM is developed for a
DFIG-WT. The designed intelligent nonlinear regulator is composed of recurrent high-order NN trained with
the Extended Kalman Filter, which is used to build-up the DFIG models. The suggested control proved its high
ability to significantly enhance the PS response, especially in terms of RT and fluctuations. Also, this approach is
described by high efficacy and ease of application. The voltage-oriented control was developed based on the
STSM to control the DFIG energy for a variable-speed and fixed-pitch WE conversion system with a DFIG®.
The control objective is to maximize the total Ps delivered by the PS at the meanwhile regulating the Qs of the
converters. The cons of this approach are that it is somewhat complex and affected by the change in PS parameters.
Moreover, it is highly related to the MM of the PS under study and this is not desirable. An adaptive super-
twisting multivariable fast terminal SMC based on time delay estimation and asymmetric error constraints is
suggested to guarantee high-precision trajectory tracking control of cable-driven manipulators under
complicated unknown uncertainties®. This designed approach differs from the usual approach, as it is described
by high robustness and the ability to significantly enhance PSs. Its use allows for increasing the competence,
efficiency, and robustness of PSs. However, this approach has some disadvantages, such as the presence of a
significant number of gains and high complexity, which makes experimental implementation difficult and
expensive. The control PS is constrained by joint position errors, which are asymmetric and time-varying. This
approach was realized using MATLAB, with results compared to the traditional approach. The results presented
showed the high competence and the extent of its efficacy in getting better the features of the studied PS.

A new form of STSM approach has been designed to enhance the EE quality®. This approach was called
simplified STSM (SSTSM), because was described by simplicity, thus ease of realization. The SSTSM approach
is a simplified and illustrated image of the STSM approach. This presented approach is characterized by a small
number of gains, fast DR, and ease of realization, and its use does not require MM knowledge of the PS, which
makes it an effective solution in complex systems. This approach was used to control energies, and two regulators
were used for this purpose. Using SSTSM requires power estimation, as its outputs are VRVs. These values were
used to generate control pulses in the RSC. MATLAB was used to realize the SSTSM approach and compare it
with the usual approach, where a variable WS profile was used to complete this work. The test results highlight
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the advantage of the SSTSM approach over the usual approach in terms of robustness and performance.
Also, in terms of reducing energy fluctuations and the stream THD. In%, a comparative study was conducted
between the STSM and back-stepping controller, where the author relied on digital simulation to accomplish
this comparison by using a DFIG-based WT. This comparison was implemented in MATLAB after comparing
the two approaches, where a variable WS was used to complete this study. Simulation results show that back-
stepping controller leads to superior performance and improved transient response compared to the STSM
controller. Another comparative study between STSM and SMC approaches was conducted in®’ to show which
approach has the best ability to get better the power quality generated by DFIG. First, an MM was given for
each approach, mentioning the pros and cons. These two approaches were used to control power, and they were
applied to RSC only. MATLAB was used to implement both the SMC and STSM approaches, where variable WS
was used. All the tests performed showed that STSM provided good results in terms of RT, EE fineness, SSE, and
undershoot compared to SMC. Also, the STSM approach minimized the chatter value significantly compared
to the SMC. These results make STSM a reliable solution in the field of REs. In®, the author gave another MM
of STSM under the name of modified STSM (MSTSM), where this approach is completely different from the
STSM approach. MSTSM is described by high efficacy, ease of realization, inexpensiveness, simplicity, and few
gains. Also, using this proposed approach does not require MM knowledge of the PS, which makes it easy to
apply. This approach was used to defeat the cons of applying DPC to DFIGs through proper power control.
MSTSM outputs are VRVs, and these values are converted by PWM into pulses to operate the RSC only. GSC
was used by an uncontrolled inverter to simplify the PS and demonstrate the ability of the designed control to get
better power quality without resorting to GSC. The DPC-MSTSM approach was verified using MATLAB with
results compared to the classical approach. According to the results obtained, the power quality is high when
using the DPC-MSTSM approach. However, using this approach has drawbacks, as higher ripples are observed
in the robustness test due to the use of EE estimation. Also, the DPC-MSTSM approach provided a greater
time for capabilities than the DPC approach, which is a negative. In®, the adaptive STSM approach was relied
upon to control a DC motor, where the difficulty of driving the angular position of a DC servo motor system
with atypical wide backlash nonlinearity was demonstrated. The designed approach was verified experimentally
using real equipment, and the results were compared with both PI and STSM. Empirical results show that the
suggested technique has high efficacy compared to both PI and STSM. In”’, the author used the STSM controller
to estimate the speed and acceleration of a remotely operated system, where only the location measurement
was relied upon. In’!, the author used the STSM approach and fractional-order PI algorithms respectively to
control the generation system using a large power generator (1500 kW). FO-PI-STSM is a new approach with
high robustness and great ability to enhance system features, which were relied upon in this work for power
control of DFIG. In addition to using the FO-PI-STSM, PWM was used to create the pulses needed to work the
RSC. The gains of the FO-PI-STSM approach were calculated using the PSO algorithm, as using this algorithm
allows for augment incompetence and an effective reduction in EE fluctuations and the THD value of stream.
The FO-PI-STSM was realized using MATLAB and compared to the classical PI-based approach. All results
highlight the superiority of the FO-PI-STSM in getting better the features of the studied PS. The RSC and GSC
of a 2000 kW DFIG-WT were designed using a non-linear, strong, rattling super-twisting terminal sliding-order
SMC (STTSOSMC)’2. The STTSOSMC approach is a development and modification of STSM, where a terminal
sliding surface is used to increase competence and robustness. The STTSOSMC approach was used to control
the power and enhance the performance of the GSC. The STTSOSMC approach is distinguished from STSM by
several advantages, complexity, and difficulty of realization. However, its use led to getting better the features of
the studied PS in terms of power fineness and minimizing the value of THD of stream, and this is shown by the
results. Also, using STTSOSMC improved the features of the DC link voltage, which is a good thing. In addition
to the complexity, the use of the STTSOSMC approach is based on the use of power estimation, which makes
it provide unsatisfactory results if the generator parameters change. In’>, a novel control for the STSM called
the modified STSM and uses this technique to control DFIG is suggested. Compared to the STSM approach,
the modified STSM is of medium complexity and contains more parameters, which makes it difficult to adjust
the DR of the systems. Also, the designed control proved its worth in ameliorating the results of the generation
system in terms of EE fluctuations and RT compared to both STSM and SMC.

When scanning the literature and observing the above-mentioned works, the control strategy plays an
important role in improving the power quality and the THD value of the current. Also, the robustness of the
control strategy used plays an important role in improving the performance of the control PS. The degree of
complexity and ease of application and completion must be focused on, as the degree of complexity plays an
important role in reducing costs and facilitating the implementation of the PS experimentally. Energy ripples
and high THD values are among the most prominent drawbacks found in PSs that use renewable sources.
Therefore, this work proposes an effective and appropriate solution to overcome these problems. In this work,
it is proposed to use the IVC strategy based on STSMC to control the power of the DFIG-CRWT system. The
IVC-STSMC strategy is an upgraded strategy of the IVC approach and is proposed to reduce the power and
torque ripples for DFIG-CRWT. Also, reduce the THD of current. Therefore, the IVC-STSMC approach is
considered the first main contribution of this paper. This proposed approach uses four STSMC controllers, and
these controllers are used to determine VRVs. This proposed strategy is used to control the operation of the RSC
of DFIG-CRWT only. For good operation and high performance of the RSC, it was proposed to use the five-level
fuzzy modified SVM (FMSVM) strategy to generate the necessary pulses. These pulses are generated from the
reference voltage values generated by the STSMC controller. The use of the five-level FMSVM strategy in this
paper is the second major contribution of this paper. This proposed strategy is different from the traditional
SVM strategy in terms of performance and effectiveness. The use of this strategy, along with the use of IVC-
STSMC, makes the work different from the work mentioned above and of great importance in the energy field.
Also, the use of a CRWT turbine makes the completed work highly valuable compared to the existing work.
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CRWT is a new type of turbine that has recently emerged as an alternative solution to raise the energy gained
from wind and as an alternative solution to using traditional turbines. Therefore, the use of CRWT turbines is
the third major contribution of this paper.

In this work, the IVC-STSMC approach, which uses the five-level FMSVM strategy, is first implemented
in MATLAB using two different WS profiles, comparing the results with both the traditional approach and
some works in terms of power ripples, RT, overshoot, and SSE of DFIG power. The simulation results in all
tests showed the high performance of the IVC-STSMC approach based on the five-level FMSVM strategy in
terms of improving power quality and reducing the value of THD of current. Second, the proposed approach is
implemented experimentally using hardware-in-the-loop (HIL) using dSPACE 1104 card while comparing the
performance with the traditional approach. Therefore, the implementation of the proposed approach in HIL
testing is considered the fourth main contribution of this paper. Implementing the designed approach in the HIL
test gives a clear picture of the validity and safety of the designed approach and its experimental implementation,
as the experimental results demonstrated the validity of the simulation results and the effectiveness of the
proposed approach in improving the quality of power and current compared to the traditional approach. These
obtained results highlight the effectiveness, efficiency, and high performance of the IVC-STSMC approach based
on the five-level FMSVM strategy compared to the traditional approach and some works, as demonstrated by
the completed comparison, which makes it a promising solution that can be relied upon in the future in other
industrial applications. Therefore, the objectives achieved in this paper can be summarized in the following
points:

« The simulation results confirm the effectiveness and safety of the experimentally designed approach;
« Overcoming the disadvantages of the traditional IVC approach;

o Improving the DR of DFIG-CRWT power;

« Significantly increasing the robustness of the traditional control strategy;

« Significantly improves the IVC-PI robustness;

o Minimized THD compared to the IVC-PI;

« Reduced values of SSE and undershoot compared to IVC-PI.

This paper is prepared as follows. “Materials and methods” section presents the CRWT model, the MM of the
STSM regulator, the designed multilevel FMSVM technique, the IVC-PI, and the designed IVC approach. In
“Results” and “Discussion’, sections the results using the MATLAB are analyzed and presented. The experimental
results obtained from the HIL test for the two controls are listed in “Experimental results” section. After all,
“Conclusions” section concludes the study by presenting the main findings and future directions of research, as
well as some recommendations and comments.

Materials and methods

The designed approach can be clarified by a simple scheme through which the necessary stages for its
implementation are explained. Figure 1 represents the diagram of the stages of modeling, design, implementation,
and validation of IVC-STSM-FMSVM. The next subsections will detail the dynamic modeling of the CRWT
system, the MM of the STSM, the multilevel MSVM technique, and the designed multilevel FMSVM technique.

CRWT system model

The use of the WECS has amplified significantly in recent years. The applied PSs of WT systems can be classified
into VSWTs and FSW'Ts. The VSWTs are now more often applied than the PSs with FST. The main positives of
VSWT are: raising the fabrication of WE, the ability to attain maximum energy conversion effectiveness, and
the minimization of mechanical stresses’*. The use of turbines in wind farms is affected by the wind generated
between the WTs, which reduces the yield of the wind farm. The use of traditional WTs is greatly affected by
strong winds, which increases losses and costs. In order to obtain greater energy, giant wind turbines with large
dimensions must be used. The use of giant WTs increases the difficulty and costs of implementing wind farms,
allowing the costs of energy production and consumption to rise. All these disadvantages limit the spread and
use of WTs in the field of electric power generation. Therefore, researchers developed WTs to overcome existing
defects and problems. One of the solutions that have been proposed to reduce turbine dimensions and overcome
problems is the use of multi-rotor WTs. Among the most famous types of multi-rotor WTs, the CRWT can be
mentioned. The CRWT is a new technology of WT to overcome the cons of the conventional WTs. This WT
has been proposed to obtain more power from WE”>. The use of a CRWT turbine allows for reducing the area
of wind farms and thus reducing the costs of implementing wind farms. Also, using this WT allows reducing
the size of the turbine, which leads to the completion of the WT with ease and without difficulties. In case of
strong winds, the use of CRWT has greater resistance compared to conventional WTs, allowing for reducing
losses and maintenance costs. However, it has a large number of mechanical components compared to classic
WTs. According to the work done in’®, CRWT is more difficult to control than conventional WTs. CRWT is
also considered more expensive than conventional WTs because it is a new technology and is still in constant
development. Figure 2 represents an EP generation system using a CRWT. By observing this figure, it can be said
that this system is completely similar to the classic system for generating energy, and the difference lies in the
type of WT used. As it is known, the purpose of using a CRWT is to obtain more ME from the WE. On the other
hand, this proposed new technology is detailed in”®-7%. However, this technology is a combination of two W'Ts
in the same WT, or in another way, a small WT has been added to the original WT. In this way, it is possible to
get more energy and mechanical torque. The two WTs have the same axis of rotation, and the torque and power
resulting from them can be expressed by the following equations:
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Pcrwp = Pr = Pst + Prr (1)
Torwp =Tr =Tst +Trr (2)

where, T, and T, are the output torque of the large and small WTs, P, . and P, are the output ME of the large
and small WT torque.
The torques of a small WT and a large WT can be expressed by Eqgs. (3) and (4), respectively.

Corr

Trr = 513 p 7 Rir wir (3)
203
C,

TsT = p:pr-ﬂ~RgT~w§T (4)
2X4p

where p is the air density; wg; and w,,. are the mechanical speed of the small and large WTs; R¢;.and R, ;. are the

blade radius of the small and large WTs; A;.and A, are the tip speed ration (TSR) of the small and large W'Ts.
The Cp of large WT is given by:

1 003

T 00834+ B34+1

Cprr (B,2) (5)

Equations (6) and (7) express the value of the ME generated by the small WT and the large WT, respectively:

CPST (57 )‘)

Psr = p-Ssr - wip (6)

Prr =

2
C A
%ﬁ’)p.SLT cwie (7)

Equations (8) and (9) express the value of the A of the small WT and the large WT, respectively:

wst - Rst
Agp = ST MisT 8
ST Var (8)
wrr - R
App = LET LT 9
LT Vir )

where V.and V. is the speed of the unified WE on small and large W'Ts.
WS is the main component used in calculating the TSR. The WS can be calculated at any point between the
small and large WTs using the following equation:

1—4/(1-Cr) 20
Vsr = Vir (1 - D) (1 + T+ 4w2>> (10)

With x: the distance between the small and large W'Ts, Vris the WS ata point x, Cy
In this work, this distance between the center of the small and large WT is 15 m®.

In order to understand the system in a good way, the MM of the generator used to generate EP must also
be given. As it is known, DFIG is among the most widely used machines, especially in the CRWT systems due
to its robustness. DFIG is considered low-cost compared to other generators and easy to control, making it one
of the most suitable and reliable solutions. Also, the use of DFIG does not require regular maintenance, which
allows its use to reduce costs. The use of DFIG allows for good control of the output power compared to other
generators, as the rotor part is fed to control the output power in the stator part. In the case of using DFIG in PSs,
the stator of the DFIG is connected directly to the network without an intermediary, which makes costs lower
compared to using a synchronous generator. All these features make DFIG an effective solution in the field of
REs, especially in the case of variable WSs.

To find out the MM of DFIG, the Park transform is used. The Park transform is a way to simplify the MM of
DFIG. The Park transform is used to give the mathematical equations that represent the rotor and stator of the
DFIG. According to the works®>”?, the flux and voltage of the rotor can be written in the Park reference frame
using Eqgs. (11) and (12).

is a constant value (C;=0.9).

11
Vqr = R'I‘Iqr + w'r\Ildr + E\Ilqv‘ ( )

{ Vd'r = RT‘IdT - wr\Ilqr + %\der
War = Lydlar + Mg (12)
Wy = MIys + Lol

where M is the mutual inductance, ¥4, and ¥, are the rotor fluxes, V/ i and Vqr are the rotor voltages, L, is the
inductance of the rotor, I 4 and Iqr are the rotor streams, R is the rotor resistance.
Stator voltage and flux components:
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Vqs = Rs[qs + wsqjds + di‘qus (13)
Vas = Rslqs — wS\IIqS + E\Psd
\I’qs = MIqr+Lqus 14
\des = LsIds + MId»,» ( )
Torque is given by the following relationship:
M
T, = 1.5pf (=Usalrg + Vsqlra) (15)
where, T, is the torque, and p is the number of pole pairs.
Equation (16) represents both the Ps and Qs of the machine.
Ps = 1~5(‘/qs[qs + Idsvds) (16)
Qs = 1«5(_Iquds + ‘/qs—[ds)
Equation (17) represents the speed expression in terms of torque for the generator.
Q2
Te:JE+fQ+TT 17)

STSM technique

STSM approach is a kind of second-order SMC. It is a robust command approach that alters the dynamics of
a nonlinear PS by the application of a high-frequency switching command. The basic principle of the STSM
approach was suggested by Utkin. It consists of two sections, a continuous section, and a discontinuous section.
This approach is detailed in®*®!. The advantage of the STSM approach is their insensitivity to parameter
variations, simple regulator, and no need for the exact model of the machine. This approach has distinctive
performance, rapid DR, and high robustness, which qualifies it to be a suitable solution in the field of REs. On
the other hand, the STSM approach has been an important technical research field. Today, it is becoming an
excellent source of solutions to real-world cons. STSM approach is a kind of variable structure command that
possesses strong performances to parameter uncertainties and PS disturbances. The structure of the STSM can
be written as follows®*:

{ u:%p|S\TSign (S) +w (18)

where, S is the surface, Ki and Kp are positive values,  is the exponent defined for the STSM.

Figure 3 shows the operating principle of STSM approach.

Due to its high competence, the FMSVM approach was designed to enhance the EE quality and augment the
sustainability of the studied PS compared to IVC. In the next subsection, the FMSVM approach, which plays an
important role in improving the competence of the RSC of DFIG, is discussed in detail.

Proposed five-level FMSVM approach

The basic principle of the SVM approach was suggested by Der Broek et al. in 1988 and is based on calculating
the angle and sector. This approach reduces the THD of voltage and stream and gives 15% more voltage output
compared to the PWM. But this technique is more difficult to implement than PWM, especially in the case of
multilevel inverters. Using the traditional SVM strategy in the case of a multilevel inverter is very expensive
and difficult to achieve experimentally. Therefore, researchers made efforts to improve the characteristics of the
traditional SVM strategy and try to create an alternative to it. In%, a novel SVM technique is based on calculating
the minimum (Min) value and maximum (Max) value of 3-phase voltages. This method has been named the
modified SVM technique, as it has proven itself well in inverter control. This modulation is simple and easy to

XXy Sign (U) > K 1/
8 : u(t)
o X
7| 1UI
U(nru(2)
r
Fig. 3. STSM diagram.
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apply compared to the traditional SVM strategy>*. The modified SVM technique can be applied to control the
multilevel inverter with ease, as using this strategy does not require complex calculations as is the case with
the traditional SVM strategy. Also, the use of the modified SVM technique in the multilevel inverter allows
for reduced implementation costs and ease of experimental implementation. As is known, the control strategy
plays an important role in reducing completion costs and improving performance and dynamic response. In%,
the MSVM based on using Max and Min three-phase voltage to control a conventional inverter (two-level)
was experimentally verified, and the experiential results were compared with the PWM and traditional SVM
strategy. Through the work done in4, the MSVM approach provided much better results compared to both
SVM and NN-SVM techniques, and this is highlighted by the experimental results and simulations performed.
The experimental results of the MSVM approach showed its high ability compared to PWM, SVM, and neural
SVM techniques in terms of reducing the THD value of current and voltage. These experimental results make
the MSVM strategy of interest in this work to be used to control the RSC of DFIG-CRWT.

In this work, the MSVM strategy based on FL approach is used as a suitable solution to control the RSC
operation of the DFIG-CRWT system. The RSC is embodied using a five-level reflector in order to obtain
excellent results. Using a five-level reflector gives much better results than using a traditional reflector or a
four-level reflector. Before discussing the MSVM strategy based on FL approach, you must know the MSVM
strategy used to control a five-level inverter. In order to control a five-level inverter using the MSVM strategy,
the same principle is used as the MSVM approach used in the work®*. The Max and Min values of the voltage
are calculated first, and then they obtained signals are compared with the triangular signals. To accomplish the
MSVM strategy for a five-level reflector, four triangular signals must be used. According to the work done in®,
the MSVM approach for a 5-level inverter can be represented in Fig. 4. According to Fig. 4, the MSVM approach
for a 5-level inverter is simple, easy to implement, uncomplicated, and inexpensive. By observing the structure
of the designer’s approach in Fig. 4, it is noted that in this designed technique no voltage components or sectors
are calculated. Therefore, it can be said that the five-level MSVM approach is simpler than the classical SVM
approach.

In the 5-level MSVM strategy, a HC is used to determine the inverter control pulses. The use of these controls
allows the presence of ripples at the current level. Therefore, it is proposed to use the FL approach in this work to
replace the use of HC. Therefore, the MSVM approach based on the FL approach is considered a development and
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Fig. 4. Structure of 5-level MSVM strategy.

Scientific Reports |

(2025) 15:7290 | https://doi.org/10.1038/s41598-025-90914-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

modification of the MSVM approach. The use of FL approach allows to significantly increase the performance
and effectiveness of the MSVM approach. A 5-level FMSVM is used to drive the RSC of the DFIG by converting
the voltage reference values generated by the IVC-STSMC strategy into pulses.

The structure of the suggested five-level FMSVM approach is given in Fig. 5. This desgined approach is a
simple modulation and easy to realize. This designed approach is more robust compared to traditional techniques
such as PWM and SVM. The use of this proposed control will also reduce the voltage and current (THD) and
improve the characteristics of the studied PS.

The FL approach was relied upon for its many advantages compared to other strategies. Using the FL
approach does not require knowledge of the MM of the carefully studied system, which makes it easy to adjust
and gives excellent results if the machine parameters change. Also, the use of the FL approach depends largely
on experience, as it does not require complex calculations to use and apply it to systems, which makes it one of
the best options that can be relied upon. Using the FL approach significantly increases robustness compared to
several strategies such as PI control.

In order to obtain better results, the adaptive FL approach was used, where three gains were used in order
to better adjust the DR of the FL approach and thus obtain excellent performance for the five-level FMSVM
strategy. Figure 6 represents the internal structure of the adaptive FL approach used in this paper, where there
are two inputs and only one output.

In this paper, Mamdani type FL approach is used to exemplify the proposed approach. This type was relied
upon for its high performance and ease of application. The characteristics of the FL controller used are listed in
Table 1.

To embody the five-level FMSVM approach, seven Membership functions (MFs) are used in each entry.
Figure 7 represents the MFs used to embody FL approach. MFs are implemented using trigonometric functions.
Accordingly, the number of FL rules is 49, which makes the DR of this controller fast and has a distinctive and
effective performance. 49 rules were relied upon based on experience and previous work done on FL approach.
Table 2 represents the FL rules used to implement the five-level FMSVM technique.
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Fig. 5. Structure of five-level FMSVM strategy.
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3
Ae |NB |[NM NS |EZ |PS |PM |PB
PB |EZ |PS |PM |PB |PB |PB |PB
EZ |NB |NM |NS |EZ |PS |PM |PB
PS |NM |NS |EZ |PS |PM [PB |PB
NB [NB |NB |NB |NB |NM NS |EZ
PM |NS |EZ |PS |PM |PB [PB |PB
NM |NB |NB |NB |NM |NS |EZ |PS
NS |NB [NB |NM NS |[EZ |PS |PM
Table 2. FL rules of the HCs. Where PM, positive middle; NS, negative small; PB, positive big; NM, negative
middle; EZ, equal zero; PS, positive small and NB, negative big.
Proposed robust IVC approach
In this section, a new method is suggested to control the DFIG-CRWT power. To know the MM, the negatives
and positives as well as the overall structure, the PI-based IVC approach needs to be addressed first.
Traditional IVC technique
The IVC is considered one of the approaches with rapid DR, as its use in the field of control does not require
complex calculations. To use this approach the DFIG MM must be known. The basic idea of the IVC is an
indirect technique of the DFIG energy with the PWM. This technique is detailed in*!~**. The IVC method aims
to make the DFIG resemble a direct stream machine, i.e. the change in torque is completely related to the change
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in current (the greater the stream, the greater the torque). The IVC approach contains four PI, two for the Qs
and two for the Ps, as well as the PWM approach. To apply the IVC approach to DFIG, Eq. (19) is used for this
purpose.

U, = 0and Uy = U, (19)

From Eq. (19), the quadrature and direct stator voltages can be written as:

Vas = Vs = ws - s
{ ezt (20)

According to the principle included in Eq. (19), the currents are written according to Eq. (21).

Equation (22) represents the quadrature and direct of the rotor voltages.

/1 2 .
{ VqT:Rdr'Iqr‘i’(Lr*yﬁ)wr’lqr‘i’g% (22)
2
Vd'r’ - Rdr . Idr - wr(Lr - %)Iqr
Equations (23) and (24) represent the rotor fluxes and powers, respectively.
\Ild'r = ( r %) Id'r+ w:\JLQVS
. M2 o (23)
qjqr - (Lr - Ts) IqT‘
2
Qs=-15 (WSE:MLM — el )
ws W M (24)
Py = —1.5%2= 1,

The IVC approach aims to determine the reference values for each of the direct and quadrature rotor voltages
(v,*and Vqr”) based on the error in the DFIG energy. The reference value of V, is related to the error in the Qs
and V__is related to the error in the Ps. The error in the energies is calculated between the reference values and
the measured values. Therefore, high-precision measuring devices must be used.

The IVC approach is a difficult algorithm in the case of rather complex systems, not robust, and difficult to
accomplish compared to the DVC. The IVC is based on using a PI to control the characteristic values (Qs and
Ps). The use of the PI makes the IVC approach affected greatly in case of system parameters change. This control
gives more Ps and current ripples. This control has a long DR compared to DPC. In terms of the current THD,
this control gives a greater value compared to both DPC/DTC.

To enhance the competence and efficacy of this method, a new technique for IVC-PI is proposed in Part 2.4.2.
This novel approach is based on the use of both multilevel FMSVM and STSM.

STSM-IVC-FMSVM technique
The disadvantage of the traditional IVC-PI approach is the fluctuations in the flux, torque, and energy. To
overcome these drawbacks, an STSM controller and a multilevel FMSVM technique are proposed.

The STSM-IVC technique with a five-level FMSVM (STSM-IVC-FMSVM) is an adjustment of the IVC-PI,
where the PI, has been replaced by an STSM. On the other hand, the PWM has been replaced by the proposed
multilevel FMSVM technique. Therefore, the STSM-IVC-FMSVM approach is a modification and development
of the IVC-PI approach, where four STSM-type controllers were used to control the distinct amounts.

In this work, the gain values of the STSMC controller were adjusted using the experimental and simulation
methods. This strategy is fast and gives satisfactory results, as gain values were taken that gave satisfactory results
in terms of power quality and THD of current. Using the method of experimentation and simulation to calculate
the STSMC controller gain values does not require writing complex programs or large calculations, which makes
it the most appropriate method. These gains of the STSMC approach can also be calculated using smart strategies
such as using PSO or genetic algorithms (GAs). However, using these strategies requires writing programs, and
in some cases, they give unsatisfactory results, which requires repeating the process of calculating the gain values
several times.

The STSM-IVC-FMSVM, which is suggested to adjust the DFIG-CRW T power, is shown in Fig. 8, where this
approach was applied to the RSC. Controlling this inverter using a highly efficient strategy reduces power ripples
and greatly improves current quality. This suggested control is effortless, and easy to apply. This suggested IVC is
a more robust control compared to IVC-PI, DTC, DPC, and FOC-PI. This STSM-IVC-FMSVM reduces the Ps
and Qs fluctuations and voltage THD compared to the DVC-PI and IVC-PIL.

The STSM-IVC-FMSVM approach relies on a power estimate, and this estimate is used to estimate the energy
error. Compared to the IVC-PI, the STSM-IVC-FMSVM approach is described by a significant number of gains,
and is experimentally expensive, complex, and difficult to realize. Also, no rule facilitates the use of the FL
approach in the MSVM approach to obtain better results, as its use depends on experience and experimentation.
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Fig. 9. Internal structure of the designed IVC-STSM approach.

Figure 9 represents the internal structure of the proposed IVC-STSM approach. It is noted that this approach
uses an MM of the machine. The use of four STSM controls makes the proposed approach stronger than other
controls such as IVC-PI.

To generate the Vrd* and Vrg* references, the control scheme in Fig. 9 based on the errors in Ps and Qs is
used. So, the goal of the STSM-IVC-FMSVM approach is to obtain high-precision V_,"and V_" from the errors
in Ps and Qs for the inverter generator control, errors that tend to zero. To calculate the reference value of Ps,
the MPPT strategy based on the PI controller is used. This strategy is simple and uncomplicated, so it can be
easily accomplished experimentally. Using the PI controller in the MPPT strategy gives a fast DR. Also, using the
MPPT strategy makes the Ps and current related to the shape of the WS change. Another advantage of using the
MPPT strategy is that it protects the WT from strong winds.

A necessary comparative study between the STSM-IVC-FMSVM approach and the IVC-PI, to identify
the strengths and weaknesses of both strategies. Table 3 shows a comparative study between the STSM-IVC-
FMSVM approach and the IVC-PI approach in terms of regulator used, level of simplicity, ease of application,
robustness, etc. Based on this table, it can be said that the STSM-IVC-FMSVM approach is more efficient than
the IVC-PI, despite the difficulty of realization. However, the cons of the STSM-IVC-FMSVM approach lie in the
simplicity of implementation, as it is less than the IVC-PI. In addition, adjusting the parameters in the STSM-
IVC-FMSVM approach is very difficult compared to the IVC-P]I, especially in the case of using smart techniques
such as GAs, where the time of calculating the parameters is greater in the case of the STSM-IVC-FMSVM
approach compared to the IVC-PI, and this is not desirable.
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IVC-PI | STSM-IVC-FMSVM approach

Type controller used PI STSM
Modulation PWM FMSVM
Level of complexity Medium | High

Rise time High Low
Simplicity of realization | Medium | Complicated
Ease Medium | Complicated
RT High Low
Durability Low High

Power ripple High Low

THD High Low

Table 3. A comparative study between the IVC-PI and the STSM-IVC-FMSVM.

Results

The results (using MATLAB) of the STSM-IVC-FMSVM approach of the DFIG-CRWT are compared with the
IVC-PI in terms of the RT, Ps and Qs fluctuations, THD of stator current, robustness, and tracking references.
The proposed command schemes were tested under different tests. The parameters of the DFIG used in this
study are the same as those used in>3,

Test1l

The first test is represented in the reference tracking test. Simulation results are represented in Figs. 10 and 11. The
numerical results of this test are listed in Tables 4 and 5. Figures 10a and b show the current THD for the IVC-PI
and STSM-IVC-FMSVM approach, respectively. The given THD value is specific to the network current. It can
be observed that the THD is minimized for the STSM-IVC-FMSVM approach (THD =1.41%) when compared
to IVC-PI (THD =1.72%). Through these results, it can be said that the STSM-IVC-FSVPWM enhanced the
THD by about 18.02% compared to the IVC-PL On the other hand, it is noted that the fundamental signal (FS)
amplitude was estimated at 1740 A for the IVC-PI approach and 1738 A for the STSM-IVC-FMSVM approach.
Through these values, it is noted that the IVC-PI approach gave a slightly greater length than the STSM-IVC-
FMSVM approach. Therefore, it can be said that the amplitude of the FS (50 Hz) is negative according to the
STSM-IVC-FMSVM approach in this test. This negativity can be attributed to the gains values of the proposed
approach, as this negativity can be overcome in the future by using other strategies such as grey wolf optimization.

The reference and measured Ps of the STSM-IVC-FMSVM and IVC-PI are shown in Fig. 10c. From this
figure it is noted that the measured value of Ps follows well the reference value (Psrref). Negative values of
the Ps indicate that the DFIG is in the state of energy generation, providing power to the grid. In the time
domain 0-0.5 s and 1.4 s> 1.5 s, the positive values of the Ps indicate that the device is in the state of energy
consumption (absorption), operating as an electric motor. The STSM-IVC-FMSVM reduced the oscillations of
the Ps compared to the IVC-PI (Fig. 11a). For the IVC-PI and STSM-IVC-EMSVM, the Qs track almost perfectly
has its reference value (Qs_mf) (Fig. 10d). Also, the STSM-IVC-FMSVM minimized the Qs fluctuations compared
to the IVC-PI (Fig. 11b).

The torque is shown in Fig. 10e in the case of both approaches. The amplitudes of the electromagnetic torque
depend on the value of the load Ps and the state of the drive PS. The STSM-IVC-FMSVM minimized the torque
fluctuations compared to the IVC-PI (Fig. 11c).

Figure 10f shows the trajectory of the measured magnitude current of both designed techniques. The value of
the current is related to the system and also to the reference value of Ps of the DFIG-CRWT system. In addition,
the IVC-PI gives more current fluctuations compared to the STSM-IVC-FMSVM approach (Fig. 11d). But,
the IVC-PI gives more RT of the torque, Qs, and Ps compared to the STSM-IVC-FMSVM approach. Figure 10
represents the change in power factor as a function of time for the two approaches. This factor gives a clear
picture of the performance of the two approaches, as it is noted that the value of this factor is much better if the
designed approach is used compared to the IVC. It is noted that the value of this coefficient is equal to a fixed
value and is not affected by changes in WS.

Table 4 represents the value of RT for power and torque. Through this table, it can be said that the STSM-
IVC-FMSVM approach improved the RT value compared to the IVC-PI for torque, Qs and Ps by about 98.60%,
99.05%, and 98.60%, respectively.

The results of this test are abridged in Table 5. Through this table, it can be said that the STSM-IVC-FMSVM
approach is better than the IVC-PI in terms of minimizing current and energy fluctuations. Also, in terms of
SSE and overshoot of DFIG energy. The STSM-IVC-FMSVM approach minimized the fluctuations of stream,
Qs, torque, and Ps by about 98%, 80%, 93%, and 97%, respectively. These ripple reduction rates are high due to
the use of both the STSM controller and multilevel FMSVM in the STSM-IVC-FMSVM approach. In terms of
overshoot value of DFIG energy, the STSM-IVC-FMSVM approach provided excellent results compared to the
traditional IVC-PI approach. The overshoot values of Ps were 1250 W and 350 W for the IVC-PI approach and
the STSM-IVC-FMSVM approach, respectively. Therefore, the STSM-IVC-FMSVM approach minimized the
overshoot of Ps by an estimated ratio of 72%. The overshoots of Qs were 2700 KVA and 450 KVA for the IVC-
PI approach and the STSM-IVC-FMSVM approach, respectively. Therefore, the STSM-IVC-FMSVM approach
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Fig. 10. Test 1 results.

significantly reduced the overshoot value of Qs, which indicates great performance of the proposed approach, as
this reduction was estimated at 83%.

From Table 5 it is noted that the SSE value of DFIG energy was low when using the STSM-IVC-FMSVM
approach compared to the IVC-PI approach. The SSE value of Qs was 2150 VAR and 320VAR for both the
IVC-PI technique and the STSM-IVC-FMSVM approach, respectively. These values indicate that the STSM-
IVC-FMSVM approach significantly minimized the SSE of Qs by an estimated ratio of 85%. Also, the STSM-
IVC-FEMSVM approach significantly reduced the SSE of Ps, as its value was estimated at 1150 W and 280 W for
the conventional IVC and STSM-IVC-FMSVM, respectively. Therefore, the ratio of minimization in SSE of Ps
was estimated at 76%. Also, the use of FL in systems greatly helps to enhance efficiency and overcome defects.

The ratios mentioned above for the THD and ripples’ reduction have been estimated by the reduction ratio
(RR) of the THD (RR ), the current ripple (RR ), the torque ripple (RR,, ), Ps ripple (RR,) and Qs ripple
(RRQ) given by Egs. (25-29):

current torque
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Fig. 11. Zoom in the results of test 1.
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RT

Torque | Qs Ps
IVC-PI 0.098 s 0.09's 0.098 s
STSM-IVC-FMSVM | 1.374 ms | 0.85ms | 1.37 ms
Ratios 98.60% | 99.05% | 98.60%

Table 4. RT of power and torque.

Strategies

Criteria Traditional IVC strategy | STSM-IVC-FMSVM approach
Time response (s) High Low
THD (%) 1.72 1.42
Refer.e nce energy Satisfactory Excellent
tracking
Energy fluctuations High Very weak

Qs (VAR) | 2700 450
Overshoot

Ps (W) 1250 350
Qs fluctuations (VAR) | 4500 900
Torque fluctuations
(N.m) 210 15
Settling time (ms) High Low
Durability Low High
Rise time (s) High Low
Ps fluctuations (W) 36,000 1100
Converter and filter Simple Simple
design P P
Current ripple (VAR) | 60 1

Qs (VAR) | 2150 320
SSE

Ps (W) 1150 280
Algorithm difficulty Simple Complicated
Lively performance Low High
Fineness of the energy | | High
generated

Table 5. Comparative results obtained from the STSM-IVC-FMSVM with the IVC-PL

RRp(%) = PSP;;S? (28)
RRq(%) = 28— (29)

where THDsp I Tsz’ Py, and Q,, represent the THD value and fluctuations value for the torque, stream, and
Ps and Qs of the IVC-PI (81), and THD,, I, T,, P, and Q, represents the values for the same variables of the
STSM-IVC-FMSVM(S2).

In order to confirm these results, in the following test, the parameters of the DFIG are changed, through it,
the effect of the STSM-IVC-FMSVM approach was studied compared to the IVC-PI method.

Test 2

This test is different from the previous test. In this test, the robustness of the proposed approach is studied
compared to the traditional IVC approach in terms of changing DFIG parameters. In Test 2, the nominal values
of L and L_are multiplied by 0.5, and R, and R, are multiplied by 2. Figures 12 and 13 represent the results
obtained. The numerical results of this test are listed in Tables 6 and 7.

Figures 12a and b represent the THD of current for two controllers. The value of THD was 1.85% for the
traditional IVC approach and was estimated at 1.55% for the proposed approach. So, the proposed approach
reduced the THD value compared to the traditional IVC technique by an estimated percentage of 16.22%, as
shown in Table 6. However, in terms of FS amplitude (50 Hz), the proposed approach gave amplitude slightly
less than the conventional IVC approach. The amplitude value was 1740 A and 1739 A for both the conventional
IVC approach and the proposed approach, respectively. It can be concluded that the FS amplitude (50 Hz) is
the negative of the proposed approach in this test. This negative can be overcome in the future by using smart
strategies to calculate the gains of the proposed approach.
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Fig. 12. Test 2 results.

Changing the DFIG parameters has a clear effect on torque, current, and power. This effect is huge if the
IVC-PI is used compared to the STSM-IVC-FSVPWM approach (Fig. 12c-f). This effect appears clearly in
the fluctuations of power, stream, and torque of the two approaches (Fig. 13a-d). Also, it is noted that despite
the change in the DFIG parameters, the measured values of the energies (Qs and Ps) still follow the reference
values well with a fast DR of the two controls. The Ps keeps taking negative values and its change is the same as
the change in WS. However, it is noted that the STSM-IVC-FMSVM approach provided an unsatisfactory RT
compared to IVC-PI in case of changing device parameters. Therefore, RT is the only negativity of the control
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Figure 12. (continued)

designed in this test. This negativity is attributed to the gain values of the STSM-IVC-FMSVM approach, values
that were estimated by trial and error through simulation, but which in future work can be optimally estimated
using intelligent algorithms.

In this test, it is observed that the torque and stream keep changing according to the change in the Ps (Fig. 12e
and f), which are the same observations as in the first test. Also, torque has negative values, as is the case with
Ps, which indicates that the machine is generating EE. The current remains sinusoidal for the two approaches,
with the STSM-IVC-FMSVM approach having an advantage in terms of current fineness, as shown in Fig. 13d.
Figure 12g represents the power factor as a function of time for the two approaches. This parameter takes a fixed
value equal to 1 for both controls despite the change in parameters, as it is observed that there are fluctuations at
the level of this parameter. The power factor fluctuations are less when using the proposed approach compared
to the IVC-PI approach. Table 7 represents the numerical values for each of the ripples, overshoot, and SSE of
DFIG power. In Table 7, the ripple values of current, energy, and torque for the two control elements are listed,
where the reduction ratios that highlight the superiority of the STSM-IVC-FMSVM approach are calculated.
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Figure 12. (continued)

From this table, it appears that STSM-IVC-FMSVM compared to IVC-PI minimized current, Qs, torque and Ps
ripples by about 95%, 93%, 95.23%, and 97% respectively. The STSM-IVC-FMSVM approach provided excellent
results in terms of SSE and overshoot of the DFIG power compared to the IVC approach. In the case of SSE of Ps,
the STSM-IVC-FMSVM approach reduced this value by an estimated 72% compared to the IVC approach. Also,
the STSM-IVC-FMSVM approach reduced the SSE value of Qs by an estimated 92% compared to the IVC. The
STSM-IVC-FMSVM approach minimized the overshoot of Ps and Qs by 72% and 92%, respectively, compared to
the IVC approach. These high percentages indicate high performance and the strength of the designed approach
in improving the features of the studied PS. The rate mentioned above for the THD, overshoot, SEE, and ripples’
reduction has been estimated by using the same Egs. (25-29), but with the values mentioned in Table 7.

In this test, it is noted that there are two negative aspects of the STSM-IVC-FMSVM as a result of changing the
system parameters, and this is because the STSM-IVC-FMSVM is related to the DFIG-CRWT parameters (Rs,
Ls, Rr, and Lr). These two negatives are represented in the presence of fluctuations in the case of Ps that are large
(in the time domain from 0.5 to 0.8 s), and the second negative is represented in the double amplitude (lower
amplitude compared to the first test) of the FS compared to the IVC-PI, as this value was 1739 A compared to
1740 A for the IVC-PL. This problem of STSM-IVC-FMSVM can be fixed in the future by using smart techniques
to identify the optimal values for gains.

Discussion

The fluctuations of the current (I), torque (T), Ps (P) and Qs (Q) have been estimated for both analysed approaches
(S, where i=1 and 2 means the classical IVC approach and the proposed STSM-IVC-FMSVM approach) under
two tests. In the test 2 the nominal values used in the test1 for the R_and R are multiplied by 2 and L and L, are
multiplied by 0.5.The values of the robustness indicator regarding the percentage increase of the fluctuations of
the I, T, B, and Q are registered in Table 8.

In Table 9, the influence of the stream THD and the value of the amplitude of the FS (50 Hz) of stream signal
between the two control tests are studied, where the influence ratios for the two values are calculated. This table
gives a clear picture of the use of the two types of control on the values of both amplitude and THD. From Table
9, it is noted that the FS amplitude value (50 Hz) was not significantly affected in the second test compared to the
first test. The difference in amplitude between the two tests was estimated as 0 A and 1 A for both the traditional
IVC-PI approach and the proposed approach, respectively. Therefore, the STSMC-IVC-FMSVM approach gave
the largest difference in amplitude value compared to the IVC-PI approach.

The THD value for the two controls increased significantly in the second test compared to the first test as a
result of changing the DFIG parameters. The difference in the THD value between the two tests was estimated
to be +0.13% and +0.14% for IVC-PI and STSMC-IVC-FMSVM, respectively. Accordingly, the STSMC-IVC-
FMSVM approach presented the largest difference compared to the IVC strategy and negative margins. This
difference was estimated to be 7.03% and 9.03% for IVC-PI and STSMC-IVC-FMSVM, respectively. Although the
STSMC-IVC-FMSVM approach provided good THD values in both tests, the percentage change of THD value
was greater when using the STSMC-IVC-FMSVM approach compared to the conventional approach, which can
be attributed to the gain values of the STSMC-IVC-FMSVM approach. The drawbacks of the proposed approach
can be overcome in the future by using intelligent methods to calculate the gain values for this approach.

The values mentioned in Table 8 highlight the better robustness of the STSM-IVC-FMSVM compared to the
IVC-PL

Finally, a comparative study between the STSM-IVC-FMSVM and several available articles in terms of
THD>*85-87_ The results were collected in Table 10. By noting this table, we find that this STSMC-IVC-FSVPWM
in this work gave a THD value much less than several approaches that have been published in other scientific
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Fig. 13. Zoom in the results of test 2 (power, current, and torque).

works, including experimental work. This indicates that this approach is performant. Moreover, it can be easily
accomplished compared to BC approach or passivity control.

The TR obtained in this paper can be compared with different approaches studied in>*7-". We find that this
proposed IVC provided a very small time compared to NN-second order SMC and DPC. Through the results of
the blog in the Table 11, it can be said that the STSM-IVC-FMSVM improved the value of the RT compared to
the DPC for each of the torque, Qs and Ps by about 92.36%, 95%, and 92.36%, respectively. And by about 72.52%,
90.55%, and 72.52%, respectively, compared with the NSOSMC approach.
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Current (Ias)
1vC STSM-IVC-FMSVM | Ratios (%)
THD (%) 1.85 1.55 16.22
FS amplitude (50 Hz) | 1740 A | 1739 A -0.06

Table 6. THD and of the both techniques.

‘ IVC-PI | STSM-IVC-FMSVM | Ratios (%)
Torque fluctuations 420 20 9523
(N.m)
Qs (VAR) | 6500 425 93
Fluctuations
Ps (W) 37,500 | 1250 97
Current fluctuations (A) | 100 5 95
Qs (VAR) | 1950 | 190 92
SSE
Ps (W) 1240 350 72
Qs (VAR) | 2350 190 92
Overshoot
Ps (W) 1450 410 72

Table 7. Comparative fluctuations obtained from the IVC-PI with the STSM-IVC-FSVPWM.

P -
Designed control techniq

Robustness indicator IVC (%) | STSMC-IVC-FMSVM (%)
Isi(testzy — Isittest2))/Isi(test1)[%] 40 4
(T's;(test2) — Tsictest2))/ Tsitesty[%] | 210 5

(P57,(tesf,2) - PS'i(testQ))/PS'i(testl)[%] 14,000 100
(Qsitesta) — Qsitest2))/ Qsi(test1)[%] | 45000 | 200

Table 8. Robustness indicators.

IVC-PI | STSMC-IVC-FMSVM

Test 1 1740 A | 1738 A

Test 2 1740 A | 1739 A
Amplitude of FS (50 Hz)

Test2 - Test1 |0 A +1

Ratios (%) 0 0.06

Test 1 1.72 1.41

Test 2 1.85 1.55
THD (%)

Test2 — Test1 | +0.13 +0.14

Ratios (%) 7.03 9.03

Table 9. Study of the change in values of FS (50 Hz) amplitude and stream THD between the second and first
tests.

Tables 12 and 13 represent a comparison with other related works in terms of fluctuations minimization
ratios, undershoot, and SSE of DFIG energy. By observing Table 12, the designed approach provided much
better reduction rates for both overshoot and SSE than several approaches. This table highlights the significant
superiority of the designed approach and its ability to enhance the values of both overshoot and SSE. In Table
13, it is noted that the designed approach provided much better ratios for reducing the ripples of both Ps and Qs
than other strategies. This table shows that the proposed approach gave high energy quality compared to other
approaches, which makes it a reliable solution.

The results obtained above are proven using experimental work, where HIL testing was used to prove this
performance of the proposed approach. The dSPACE 1104 was used to complete this experimental work, and all
the details and experimental results are in the next section.

Experimental results
To verify the effectiveness/feasibility of STSMC-IVC-FMSVM in real time, the HIL test is used. HIL testing is a
method by which the effectiveness and safety of strategies are experimentally verified within a short time without
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References Commands THD (%)
85 DTC 6.70
Fuzzy DTC 2.40
o6 Multi-resonant-based SMC | 3.14
Integral SMC 9.71
2 DFOC-PI 1.45
4 Field-oriented control 3.7
5 vC 2.20
Adaptive BC-SMC 1.15
48 DPC-SMC 1.66
> SMC 2.56
. Test 1 1.41
Designed approach Teeta =

Table 10. Comparative results with other controls.

RT (ms)
Torque | Qs Ps
TSM-IVC-FMSVM 1.374 0.85 1.37
DPC 18 17 18
Ref. >*
NN-second-order SMC (NSOSMC) | 5 9 5
Ref. 87 - 80 15
Ref. 8 - 34.50 | 33.80
12.15 10.08 | 12.15
Ref. 8 11.25 9.85 11.25
11.85 10.05 | 11.85
0.9 2.10 | 0.9
2.50 3 2.50
Ref. %
2.65 325 |2.65
4.80 540 |4.80

Table 11. RT analysis.

the need for extensive equipment or high costs. The advantage of using the HIL test is that it does not require
complex technology or large programs, which makes it the most suitable experimental method.

In this part, the HIL test was relied upon to experimentally verify the validity of the proposed approach (STSM-
IVC-FMSVM) and compare it with the traditional approach (IVC-PI). Figure 14 represents the completed HIL
test of the proposed approach and the necessary equipment needed to complete this experimental work. HIL
testing was used using the dSSPACEDS1104R&D control board (developed by the German company dSPACE to
optimize high-speed multivariable digital regulators and real-time simulations). This board can be plugged into
a PCI slot of a PC (see Fig. 14b). It consists of two processors: a master processor to manage the application, and
a slave processor, a Digital Signal Processor based on the MPC 8240 microcontroller, which generates the PWM
signals. This board is connected to MATLAB and Simulink through a tool called RTI (Real-Time Interface). This
tool allows access to the inputs/outputs of the board while developing the model in Simulink. Additionally, it
facilitates the implementation of the Simulink model into the board by converting it into C programming code.
This code is subsequently transferred to the DS1104 board using software that is independent of MATLAB/
Simulink called Control Desk (CD). The latter not only loads the code onto the board but also facilitates real-
time monitoring and system control. Therefore, the implementation of the STSMC-IVC-FMSVM in the dSPACE
DS1104 hardware can be summarized in four essential steps:

Step 1 Create and design the control PS model in MATLAB.

Step 2 Generate code C from the Simulink control model using the RTI.

Step 3 Download the generated code into the DS1104 board using the CD software.

Step 4 Execute the control system in real-time and visualize the results using the CD software.

Figure 14 illustrates the communication between the DFIG-CRWT system and the dSPACE DS1104 board.

In the HIL test, the actual shape of the generator or turbine is not used. Therefore, first, the validity of the
studied PS is verified using MATLAB and then verified using the HIL test. Accordingly, the DFIG generator is
given an MM and is implemented in the MATLAB program. As shown in Fig. 14b, using the HIL test requires
using a media device that includes MATLAB 2021.

In Fig. 15, the experimental results obtained from this study for the control approaches are shown. The
WS used is represented in Fig. 15a. The Ps is represented in Fig. 15b, where it is noted that the Ps of the two
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Overshoot
SSE ratios ratios
Ps Qs Ps Qs
_ - 7.23% 16.59%
Ref 9! _ - 74.46% | 48.53%

- - 31% 21.74%

Ref 2 35% 36.93% | - -

Test 1 | 28.76% | 76.55% | 25.07% | 6.44%
Test2 | 30.48% | 24.62% | 9.19% | 6.05%

Ref %

45.83% | 78.44% | - -
Ref * 56.52% | 52.22% | - -
87.50% | 48.75% | - -

- - 73.83% | 48.38%
Ref *® - - 77.58% | 82.76%
- - 20.10% | 49.32%

50% 38.32% | 32.20% | 44.06%
40% 39.68% | 32.49% | 22.77%

Ref %

N N 51.49% | 62.55%
Ref%’ - - 62.85% | 70.83%
N - 59.79% | 67.34%

Designed 76% | 85% | 72% |83
technique 72% 92% 72% 92%

Table 12. Comparison in terms of SSE and overshoot.

Ratios
Approaches Qs ripples (%) | Ps ripples (%)
80 97
Proposed approach % o=
56.66 54.25
Ref** 46.68 47.50
50.75 50.41
Ref¥? DPC with NN algorithm | 45.26 66.29
Neuro-fuzzy-DPC 57.74 67.13
36.93 22.95
Ref 2 78.12 86
78.42 80.18
50 44.50
Ref *® 52.98 63.33
48.18 50
45.26 92.85
Ref *%. (Modified SC technique) 73.33 84.50
43.07 33

Table 13. Comparison in terms of fluctuations of the DFIG power.

controllers follows the reference well, with larger fluctuations in the case of IVC-PI-PWM compared to STSM-
IVC-EMSVM. Also, it is noted that the RT of the Ps when using STSM-IVC-FMSVM is much better than the
RT using IVC-PI-PWM and these are close to the simulation results. In Fig. 15¢, the Qs response of the two
controls is shown. From this figure it is observed that the Qs of the two controllers follow the reference well,
with STSM-IVC-FMSVM having an improvement in terms of RT and fluctuations compared to IVC-PI-PWM.
These results show the superiority of STSM-IVC-FMSVM over IVC-PI-PWM, as these results confirm what was
obtained in the simulation section, which is a positive thing. The torque of the DFIG in the case of two controls
is represented in Fig. 15d, where it is noted that the torque has the same form as the Ps. It takes positive values in
the case of the Ps having a positive value and is negative when the Ps is negative. Also, it is noted that STSM-IVC-
FMSVM provided much better fluctuations and torque RT than IVC-PI-PWM, which are the same simulation
results. In Fig. 15e and f, the changes in both stator and rotor current for the two controls are shown. These
two currents change according to the change in Ps, as their value decreases and increases with the decrease and
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Fig. 14. Schematic diagram of HIL simulation system.

enhance in the value of Ps. Also, it is noted that the shape of the stream is sinusoidal for both approaches, with
STSM-IVC-FMSVM having a positive in terms of stream fineness compared to IVC-PI-PWM.

Despite the many positives and high performance of STSM-IVC-FMSVM, there are two negatives (low
amplitude of the FS (50 Hz) and the presence of fluctuations in the case of a Ps that takes large values) that limit
the use of this STSM-IVC-FMSVM. These drawbacks are because STSM-IVC-FMSVM is related to the MM of
a system. Therefore, these shortcomings will be rectified in future work to enhance the current quality and Ps;
STSM-IVC-FMSVM will be improved using another technique, such as fractional calculus, NNs approach, and
terminal sliding surfaces.

Conclusions
In the domain of WE, the STSM approach is of interest to enhance the characteristics of the DFIG-based CRWT
system.

The STSM algorithm is used for the stator powers independent control of the DFIG-CRWT systems using a
proposed five-level ESVPWM technique, where the performance was verified using simulation (MATLAB) and
experimental work (HIL test).

After modelling the PS, four regulators were developed using STSM regulators (two for the Ps and two for
the Qs).
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Fig. 15. Experimental results without MPPT technique.

With the appropriate choice of the parameter control, the obtained numerical simulation results are
interesting for the CRWT application to ensure robustness and better fineness of the produced energy when the
speed is varying. Furthermore, this regulation presents a robust control scheme that has the positive of being

easily implantable in calculators.

The simulation shows that the designed nonlinear IVC approach based on the STSM controller and proposed
intelligent FMSVM is more robust and performant than IVC-PI (see Tables 6 and 9) and other control schemes

(see Table 10). STSM-IVC-FMSVM reduced the THD compared to IVC-PI and other controls.
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Figure 15. (continued)

STSM-IVC-FMSVM gives minimum TRs compared to DPC, NSOSMC, and IVC-PI techniques. All this is
evident through the high ratios, as it was found that these ratios in the first test were estimated at 98%, 97%, 93%,
and 97% for current, Qs, torque and Ps, respectively compared to the IVC-PL. In the second test, the percentages
were about 95.2%, 98.5%, 97.6%, and 95% for torque, Qs, Ps, and stream, respectively compared to the IVC-PL

Summarizing, the main findings of this research are as follows:

« A novel five-level FMSVM to minimize the current THD was presented and confirmed with simulation.

o A novel IVC based on the STSM and the designed five-level FMSVM was confirmed and presented with
simulation.

o The robustness of STSM-IVC-FMSVM is presented.

o The performance of STSM-IVC-FMSVM is analyzed, showing that the fluctuations of the stream, Qs, electro-
magnetic torque, and Ps are reduced.

The experimental results obtained from the simulation results have proven correct to a large extent, as it is noted
from the experimental work that STSM-IVC-FMSVM has a very fast DR compared to IVC-PI. Also, STSM-IVC-
FMSVM significantly reduced energy, torque, and current fluctuations compared to IVC-PL

Despite the many positives and high performance of STSM-IVC-FMSVM, there are two negatives (Low
amplitude of the FS (50 Hz) and the presence of fluctuations in the case of a Ps that takes large values) that limit
the use of this STSM-IVC-FMSVM. These drawbacks are because STSM-IVC-FMSVM is related to the MM of
a system. Therefore, these shortcomings will be rectified in future work to enhance the current quality and Ps;
STSM-IVC-FMSVM will be improved using another technique, such as fractional calculus, NNs approach, and
terminal sliding surfaces.
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