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In wind energy generation systems, ensuring high energy quality is critical but is often compromised
due to the limited performance and durability of conventional regulators. To address this, this work
presents a novel controller for managing the machine-side inverter of a single-rotor large wind
turbine system using an induction machine-type generator. The proposed controller is designed using
proportional, integral, and derivative error-based mechanisms, which fundamentally differ from
traditional proportional-integral (PI) regulators. Key features of the proposed regulator include its
simplicity, cost-effectiveness, ease of implementation, reduced number of gains, and rapid dynamic
response.

This regulator enhances the direct power control (DPC) approach, as it integrates two tailored
controllers alongside a pulse width modulation strategy to manage the machine inverter. The
DPC strategy incorporating the proposed controller was implemented and tested using MATLAB,
with various simulations to evaluate its performance and effectiveness. The proposed regulator
demonstrated a significant improvement over the Pl regulator, with reductions in active power
ripples of 69%, 61.70%, and 59.14% across different tests. Additionally, the steady-state error of
reactive power was reduced by 54.84%, 85.23%, and 62.68%, and the total harmonic distortion of
current decreased by 48.12%, 50.55%, and 56.05%. These results underscore the high efficiency,
robustness, and effectiveness of the proposed controller in improving system performance compared
to conventional Pl regulators. The controller’s outstanding performance makes it a promising solution
for broader industrial applications.

Keywords Single-rotor large wind turbine system, Direct power control approach, Induction generator,
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Abbreviations

PI Proportional-integral controller
WS Wind speed

PQ Power quality

DFIG Doubly-fed induction generator
ES Energy system

THD Total harmonic distortion

DR Dynamique response

FL Fuzzy logic

DPC Direct power control

Ps Active power

SRLWT  Single-rotor large wind turbine
RSC Rotor side converter

IG Induction generator
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GSC Grid side converter

PSO Particle swarm optimization

GWO Grey wolf optimization

MPPT Maximum power point tracking

SMC Sliding mode control

SOSMC  Second-order sliding mode control

SSE Steady-state error

IOPI Integer-order proportional-integral controller
FOPI Fractional-order proportional-integral controller
Qs Reactive power

MM Mathematical model

In energy systems (ESs), the controls used are largely responsible for power quality (PQ), complexity, dynamic
response (DR), and ease of operation. Therefore, it is necessary to pay attention to these controls and try to
improve their performance and durability. These regulators are multiple, as the proportional-integral (PI)
approach is considered one of the most famous of these regulators in the area of control and electronics'. This
regulator is simple, low in cost, has a low number of gains, and is easy to implement?. All these features make
this regulator the most reliable solution. Despite this performance, this regulator is characterized by a negative,
represented by a decrease in competence in the event of a flaw in the system, which allows for a decrease in PQ,
as demonstrated by the work done in®.

To avoid this problem and to raise the fineness of power resulting from ESs, many new controllers have
been proposed, such as sliding mode controller (SMC)*, passivity regulator®, backstepping controller (BC)®,
and active disturbance rejection control (ADRC) strategy’. These controllers are described by high robustness,
high efficiency, and great competence in enhancing the features of ESs. However, the use of these controllers has
disadvantages, namely the high level of complexity, costs, and their dependence on the mathematical model (MM)
of the ES, which causes a decrease in the fineness of energy and stream in the event of a flaw in the ES®. Also,
the use of these regulators does not eliminate power fluctuations, as ripples are observed at the level of energy,
torque, and stream, as demonstrated by research works!®-!2. In'3, it was proposed to use non-linear control to
control doubly-fed induction generator (DFIG) powers. The use of this proposed strategy aims to improve the
performance, stability, and robustness of the studied ES. This proposed control is an adaptive nonlinear back-
off control based on the Lyapunov function. This designed algorithm is used to control the electromagnetic
torque of the generator while keeping the reactive stator power equal to zero. This designed approach allows the
maximum power point (MPP) to be extracted, despite wind speed (WS) variations. The designed algorithm was
realized in a MATLAB simulation environment, comparing the results to the traditional approach. The results
show that using this algorithm increases the robustness and performance of the studied system and increases the
DFIG power quality. Using this designed algorithm has disadvantages that lie in its reliance on power estimation,
which makes it affected by changes in system parameters. Also, using this designed algorithm requires knowing
the exact MM of the machine, which is not desirable. Another nonlinear strategy proposed in'* is to combine
SMC and BC to control the power of an ES based on the use of DFIG. This strategy was only applied to the
machine inverter without the grid inverter. The proposed strategy is characterized by high robustness and great
ability to improve PQ, as shown by simulation results. This proposed strategy is used to find the reference value of
the effort. These voltage reference values (VRVs) are converted by the pulse width modulation (PWM) strategy
into pulses to operate the DFIG inverter. The use of this strategy is based on the use of power estimation. Variable
WS was used to study the efficiency, effectiveness, and ability of this strategy to improve the PQ of DFIG. The
simulation results showed the effectiveness of the combination SMC and BC in improving PQ, total harmonic
distortion (THD) value, and power response time (RT) compared to the traditional approach and some existing
works. Despite this performance provided by the designed strategy, some drawbacks limit its spread and use in
the field of control. The most prominent of these disadvantages are complexity, expense, difficulty in control
due to a significant number of gains, and difficulty in completion. In the work!®, two different controllers were
proposed to overcome the problem of low PQ and high THD current for an ES based on the use of DFIG. These
two controllers are the SMC and BC approaches, as they are characterized by high durability and distinctive
performance compared to the PI approach. Using these two controllers requires knowledge of the MM of the
DFIG. The strategy was applied to the DFIG inverter only, where space vector modulation (SVM) was used to
convert the VRV generated by both the SMC and BC approaches into pulses to drive the DFIG inverter. In this
work, variable WS was used to study the effectiveness, efficiency, and robustness of the two approaches. After
giving MM for each approach, these strategies were implemented using MATLAB. In all tests performed, the
SMC approach strategy provided satisfactory results compared to the BC approach regarding reduced power
ripple, current THD value, overshoot, and DFIG power steady-state error (SSE). However, in the robustness
test, it is noted that the two approaches were affected by significantly changing DFIG parameter values, which
is undesirable. The phenomenon of chattering is one of the most prominent drawbacks of using the SMC
approach, which limits its spread. Also, the BC approach is characterized by its complexity and the presence
of a significant number of gains, which limits its use and spread in the control field. A simple and easy-to-
implement strategy was used in'® to continuously and independently control the reactive and active power (Qs
and Ps) generated by a DFIG of a flow-directed wind ES. This strategy relies on fuzzy logic (FL) that does not
require knowledge of the MM of the machine. The use of the FL algorithm depends largely on experience, and
its use allows for a significant increase in performance and durability. This designed control was applied to the
DFIG inverter, where MATLAB was used to implement it. A variable WS was used and a comparison study was
conducted with the traditional approach. The obtained results highlight the superiority of the FL approach over
the traditional approach in terms of improving reference tracking, reducing energy ripples, overshoot value, and
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THD of current. However, the use of the FL approach has drawbacks that limit its use, as there is no rule to help
choose the best number of rules to obtain satisfactory results. Also, using a larger number of rules makes the
system slower, which is not desirable. The fractional-order proportional-integral-derivative (FOPID) controller
is an efficient and simple solution proposed in!” to improve the PQ and reduce the THD of DFIG current. This
controller is simple and easy to implement. The FOPID controller was used to control the torque and flux of the
DFIG. This controller is used to find VRVs, and these reference values are used to generate the pulses necessary
to operate the machine’s inverter. Using a FOPID controller reduced power ripples and significantly improved
the THD value compared to using a PI controller. However, using a FOPID controller has its drawbacks, which
include a large number of gains compared to a conventional controller. Also, the use of the FOPID controller is
affected by changes in DFIG parameters, as shown by the robustness test, which is negative.

To obtain strong competence and great efficiency in ESs, the regulator used must be characterized by several
features, including simplicity, high durability, low costs, high efficiency, fast DR, and, most importantly, it does
not require information on the MM of the ES under study. In the work'8, it was proposed to use an indirect
field-oriented control (IFOC) strategy based on artificial intelligence (AI) to control the capabilities of a squirrel-
cage induction generator. The AI approach was used to overcome the disadvantages of the IFOC strategy, as
all controls were compensated Also, in this work, we relied on estimating the speed of the rotating part to
obtain distinctive and effective performance. This proposed approach was implemented experimentally using
real tools, where the experimental results showed the effectiveness and efficiency of using an Al controller in
improving the quality of power and current compared to a PI regulator. Despite this performance, the problem
of ripples remains present in the proposed approach, as it is observed that the ripples and THD of current
increase, especially in the event of a change in the DFIG parameters. A simple strategy has been proposed to
regulate the flow of Ps and Qs in'® based on the use of a neural tuning machine (NTM) built on a recurrent neural
network. In this work, the focus is on controlling the Qs flow from the rotor-side converter (RSC), which is
proportional to the grid-side controller (GSC) through coupling voltage. The proposed NTM method leverages
neural networks (NNs) to adjust PI controller parameters and improves the performance of DFIG network
integration. Using the designed strategy allows for increased robustness, enhanced adaptability, and nonlinear
dynamics, thus addressing network challenges. Also, this algorithm designed for voltage regulation was used.
The advantages of the neural tuning machine in controlling internal current loop parameters are highlighted
with results compared to conventional PI regulators, where a MATLAB/Simulink model is modeled using three
different measurement models. The simulation results highlight the effectiveness and strength of the designed
approach in improving PQ and increasing durability compared to using a traditional PI regulator. Despite this
effectiveness, there are drawbacks to using this designed algorithm. These drawbacks lie in the use of NNs, as
no rule facilitates adjusting the number of internal layers needed to obtain better results. In the work?’, a simple
controller based on the use of a fractional-order PI regulator based on particle swarm optimization (PSO) was
proposed to control the powers of the DFIG in the presence of various faults. As known, studying power grid
faults is crucial to maintaining grid reliability and stability. Understanding these faults allows rapid detection,
prevention, and mitigation of their effects, ensuring uninterrupted electricity supply, protecting equipment, and
preventing potential cascading faults, which reduces regular maintenance costs. In addition to using the FOPI-
PSO controller, symmetrical fault-tolerance control techniques (SFRT) and asymmetric fault-to-pass control
techniques (AFRT) are implemented to improve performance and efficiency. These technologies play a pivotal
role in maintaining the stability and reliability of the ES during difficult and complex conditions. The proposed
approach aims to improve the performance of RSC under error conditions. A comparative study was performed
between the proposed approach and the traditional approach to demonstrate the potential advantages and
limitations of the new control technology, which contributes to the development of error mitigation strategies in
wind turbine systems. Also, the economic feasibility of the proposed control method and its suitability to address
wind farm issues such as PQ were highlighted. In addition to using the FOPI-PSO controller, SFRT and AFRT
are implemented to improve performance and efficiency. These technologies play a pivotal role in maintaining
the stability and reliability of the ES during difficult and complex conditions. The proposed approach aims to
improve the performance of RSC under error conditions.

Nonlinear model predictive command is an approach proposed in?! to control the IG, where variable WS
was used to complete this study. This proposed approach was compared with PI control, where the Lyapunov
theory was used to study the stability of the designed approach. MATLAB was used to achieve this control and
verify its durability and performance. All results indicate the high performance that characterized this approach
in terms of PQ and robustness compared to the PI control. However, this proposed approach has disadvantages
that include complexity, a large number of gains, unsatisfactory DR compared to PI control, and difficulty
of implementation. Also, despite the performance, undulations are observed at both the stream and energy
levels, which is undesirable. In?2, a hybrid cascade FL-PI approach was used to command the IG. This designed
approach is based on experience and does not require information on the MM of the ES, which makes it perform
highly in the event of an ES flaw. This approach was realized in MATLAB, where a variable WS was used. The
results obtained show the extent of the competence, durability, and efficiency of this approach in ameliorating
the fineness of stream and power compared to the usual competence. The negative of this proposed approach
lies in the number of FL rules required to obtain good results, as there is no mathematical rule that determines
the best number. According to the work?, the use of a fractional-order PI regulator leads to a significant
enhancement in the fineness of stream and power compared to a traditional controller. Also, using this regulator
contributes to greatly raising the durability of the ES. However, using this regulator does not lead to overcoming
the problem of power undulations, as the undulations remain present, which is a negative thing. In?* a new
control was used based on the use of a PI controller based on smart strategies to control the powers of DFIG.
Both grey wolf optimizer (GWO) and whale optimization algorithm were used to improve the characteristics
of the PI controller. Using these smart strategies allows us to improve the PQ significantly. Simplicity, high

Scientific Reports |

(2025) 15:3191 | https://doi.org/10.1038/s41598-025-87832-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

durability, ease of implementation, and DR speed are the most notable features of this designed controller. This
proposed strategy was implemented on a machine inverter and a grid inverter for an ES consisting of a 6 MW
wind farm. Smart strategies were used to determine the gain values of the PI controller. MATLAB was used to
implement the designed algorithm and compare it with the traditional approach. The results obtained showed
the effectiveness of the PI controller based on smart strategies in increasing durability, efficiency, and reducing
power fluctuations compared to the traditional controller. Also, reduced THD value compared to the traditional
strategy. This designed strategy has disadvantages that lie in its being affected by changing machine parameters,
which is undesirable. An FL-PI controller was relied upon to control the power of the DFIG?. Using the FL-PI
controller does not require knowledge of the MMM of the DFIG, which makes it easy to implement. The FL-PI
controller is characterized by simplicity, fast DR, and ease of operation. This proposed strategy was applied to
the inverter DFIG only to prove its effectiveness and robustness in improving the quality of power and current
without the need to control the GSC. Also, the FL approach was used to improve the effectiveness and efficiency
of the MPP tracking (MPPT) approach. The FL-MPPT approach is used to determine the reference value for Ps,
and therefore the value of current and torque are related to the form of WS change. MATLAB was used to verify
the safety and robustness of the proposed method under different working conditions while comparing the
results with the traditional method. In all tests, the designed method provided satisfactory results compared to
the traditional method in terms of reference tracking, PQ, and THD value of the current. This proposed algorithm
has drawbacks that limit its spread, no rule facilitates the use of the FL approach to obtain excellent results. The
use of the FL approach depends largely on experience and experimentation in determining the appropriate
number of rules, which requires a lot of time and effort. In?®, a newly developed social spider optimization (SSO)
technique is used to optimize the design parameters of fuzzy proportional integral with derivative (FOFPID) to
improve the performance and effectiveness of direct vector control (DVC). DVC is an easy-to-implement, fast
DR, and robust and widely used energy control strategy. This strategy can be relied upon to deal with winds that
vary quickly and randomly. Using this designed strategy allows for maintaining the output power of the studied
DFIG-based WTS at the rated value under dynamic wind conditions. To increase efficiency and performance,
the proposed FOFPID controller integrates the capabilities of the FL smart regulator and the fractional-order
controller while allowing independent control of Ps and Qs. This designed algorithm was applied to RSC, where
it was used to replace the traditional PI regulator in the internal current loops of the traditional approach.
MATLAB was used to implement this designed algorithm with extensive evaluations of performance under
various operating conditions, including active reference power changes, parameter uncertainties, and rapid WS
changes. Comparative analyses with PID and SSO-enhanced fuzzy regulators show that the FOFPID regulator
performs better in terms of maximum overshoot, extreme undershoot, settling time, THD, and weighted THD
(WTHD). The proposed FOFPID regulator also displays stronger robustness against parameter mismatch and
weather variation compared to other regulatory architectures. The disadvantage of this designed approach lies
in its complexity and the presence of a significant number of gains, which makes it difficult to adjust the DR.

Non-singular terminal SMC and double interval type-2 FL systems are combined into work?” to control the
IG. This designed approach relies on two different controls, which makes it highly robust and has distinctive
competence compared to the usual approach. This designed approach was realized using a Real-Time Model
in Loop (RT-MiL), with results compared to the usual approach. The experimental results showed that this
approach is described by great competence and durability compared to the usual control, as the undulations were
significantly reduced. Despite this competence, this approach has negatives that lie in its complexity, the difficulty
of completion, the presence of a significant number of gains, and the DR that is not satisfactory compared to PI
control. In the work?®, adaptive FL extended state observer and SMC approach were used to control the power.
In this work, several smart strategies were applied to calculate the values of the designed control parameters.
Thermal exchange optimization (TEO), GA, PSO, water cycle approach (WCA), harmony search approach
(HSA), and grasshopper optimization approach (GOA) were used. Also, in this work, a comparison was made
between the TEO-tuned PI regulator, the TEO-tuned STA-second-order sliding mode (SOSM) approach, and
STA-SOSM approach-based linear observer, where MATLAB was used for this purpose. Results show that using
the TEO approach leads to ameliorating the features of the controllers well while reducing power and current
ripples. In?, a nonlinear control was proposed for a generator with a power of 100 MW, where variable-gain
super-twisting SMC damping control was used for this purpose. Also, MPPT approach was used to calculate
current reference values. This designed approach is described by high competence and great efficiency, as
the energy change is related to the change in WS as a result of using the MPPT approach. This approach was
compared with the PI control, partial feedback linearization control, and first-order SMC, where MATLAB was
used for this purpose. All obtained results show the superiority of the designed approach over other approaches
in terms of stream and PQ. Also, this proposed approach provided very satisfactory results in terms of overshoot
value, and THD of stream. Voltage modulated direct power control (DPC) approach has been proposed to
control IG*. This approach differs from the traditional DPC approach in terms of competence and robustness.
This approach was suggested to beat the cons of power fluctuations and augmentation of the robustness of the
control ES. However, this approach has drawbacks that lie in its complexity, the presence of a significant number
of gains, and the difficulty of realization. Results obtained from MATLAB show the high competence of this
designed approach compared to DPC in terms of PQ and THD of the stream. From the results presented, it is
noted that fluctuations remain present at the level of current, torque, and energy, which is negative. It is also
observed in the durability test that this designed approach is significantly affected as a result of its reliance on
the MM of the machine. In*!, DPC based on the SOSM approach was used to control the IG energy. To calculate
the designed control parameters, the TEO was used for this purpose. This designed approach is described by
high efficacy and outstanding competence, and this is shown by the results from MATLAB. Also, this proposed
strategy reduced the chattering phenomenon significantly, which shows its high performance.
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FL approach and second-order SMC (SOSMC) technique were combined to overcome the problems of
the DPC strategy and improve the PQ generated by DFIG®2. The FL-SMC strategy is characterized by high
durability and outstanding performance, as a control was used to control the power of the DFIG. The FL-SOSMC
controller was used to convert power errors to VRVs. These reference values are converted into pulses using
the SVM strategy. Also, the FL-SOSMC controller was used to control the power of the DFIG inverter only.
MATLAB was used to implement the designed method and compare it with the traditional method in terms of
reducing ripples and the THD value of the current. Variable WS was used to complete this study. The presented
results showed that the FL-SOSMC controller gave a distinctive performance in terms of reducing power ripples
and the THD value of the current compared to the traditional method. This designed FL-SOSMC controller also
gave satisfactory results in the durability test compared to the PI controller, although it was affected. In*3, three
different controls are used to control the power of the DFIG. These controls are FL-SMC approach, SOSMC
approach, and integral BC technique. These controllers were proposed to control both the RSC and the GSC.
These strategies were proposed to overcome the problems and drawbacks of the vector control strategy based
on the PI controller. The author in* proposed a control based on the use of fractional-order PID and GWO
algorithms to improve the quality of power generated by a DFIG-based ES. This strategy has a great ability to
reduce power ripples, current, and torque compared to using a traditional controller. In this designed strategy,
the GWO algorithm was used to calculate the FOPID controller gain values. The FOPID controller is used to
determine VRVs. This designed approach was tested in the case of variable WS using MATLAB. The completed
tests showed the significant superiority of the designer’s method compared to the traditional approach in terms
of improving PQ compared to the traditional method. The main purpose of the proposed control strategies is to
maintain the stable operation of the DFIG and its transformers during internal and external uncertainties. Also,
the PWM strategy was used to generate the pulses needed to operate both the RSC and GSC. These strategies
were implemented using MATLAB/SIMULINK environment. The simulation results obtained in this work
demonstrate the robustness of each control strategy compared to a conventional controller despite different
disturbances and uncertainties. The author in®® replaced the PI of field-oriented control used to control the
DFIG-based wind turbine with NN controllers. The use of PI based on neural algorithm allows for improving the
characteristics of the user control and thus the PQ. Despite the outstanding performance, the problem of power
ripples remains present, especially in the durability test. A noticeable increase in power ripples and a decrease in
the quality of the current are noted. This is due to the use of an approach designed for the MM of the machine,
which is a negative. In addition, the designed strategy relies on estimating powers, which increases its impact on
changing DFIG parameters. The PI controller is the simplest solution that can be relied upon due to its fast DR
and ease of implementation. However, its use causes several disadvantages, especially in ESs based on renewable
sources. Therefore, the author in*® used controllers represented by RST and ADRC and compared them to the
PI controller to find out which strategy gives a higher PQ to a turbine system. These strategies have common
features, which are characterized by simplicity, ease of implementation, and fast DR. These strategies were used
to control the power of DFIG. These strategies were implemented in a MATLAB environment using variable
WS. The simulation results showed that RST and ADRC are superior to the traditional PI controller in terms of
SSE, rise time, overshoot, and settling time values. In the robustness test, it was noted that the RST and ADRC
strategies are less affected by changes in machine parameters compared to the PI controller, with an advantage
for RST in terms of rise time. A comparison was proposed between two different controls in terms of their ability
to improve the PQ of an energy system based on the use of a wind turbine®”. These two controls are the artificial
neural network (ANN) control and the PI regulator, which were used to control the DFIG power. First, an MM
was given for each controller, mentioning the pros and cons. Secondly, these controls were implemented using
MATLAB, where two different WS profiles were used to compare performance. Simulation results showed that
using an ANN controller gives greater percentages of power fluctuation reduction and current THD than the
PI regulator. However, it is noted in the robustness test that the PI strategy was greatly affected by the change in
DFIG parameters compared to the ANN-based control. This effect appears by increasing the power ripple value
and THD current value. From reviewing the above literature and works, there is no powerful controller that is
simple and easy to implement, so the search for the best controller continues.

Adaptive-higher-order sliding mode (AHOSM) is a control approach proposed in*® for control in IG, and
MATLAB was used to realize it. This designed approach is based on the MM of the IG and is described by high
robustness compared to the usual control based on the PI regulator. This approach is based on the Lyapunov
function, which makes it provides high competence in minimizing energy undulations and the THD of the
stream. The results were compared with both the PI control and the usual first-order SMC, and a comparison
showed the superiority of the designed method over these controls. Despite this superiority, the drawback of
energy and stream fluctuations remains. Also, in the durability test, it is noted that this suggested approach
is affected by changing generator parameters, which is negative. In*, an integer-order PI (IOPI) was used to
control the power of the IG in the tidal stream turbine system. The control approach is characterized by high
performance, simple, easy to realize, uncomplicated, and highly durable. This designed regulator was compared
with a fractional-order PI (FOPI), where MATLAB was used for this purpose. The use of a FOPI regulator led to
enhanced dynamic power response, reduced energy undulations, and reduced SSE value compared to an IOPI
regulator. However, the problem of the fineness of stream and power remains present in this designed approach,
as it is observed that it decreases if the IG parameters are changed. In“, the TEO was used to estimate the values
of the PI parameters of the IG generator. Using this approach led to a significant enhancement in the fineness of
stream and energy. The results showed that using this approach significantly improved the DR compared to the
PI. This approach has a negative effect that lies in energy fluctuations, as special fluctuations are observed in the
robustness test, which is negative.

In this research, a new controller is applied for both Qs and Ps generated by IG-based single-rotor large wind
turbine (SRLWT) systems. This controller is designed based on proportional, integral, and derivative actions of
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the error. Simplicity, fast DR, ease of realization, small number of gains, and low cost are the most prominent
features of this proposed regulator. Therefore, this proposed controller is considered the main contribution of
this paper. First, this designed regulator was used to overcome the problems and defects of the DPC strategy
of DFIG-SWRWT system. Therefore, the DPC strategy based on the designed regulator is the second main
contribution of the paper. The ES proposed in this study is based on the use of an SRLWT turbine. Using this
turbine to convert wind energy into mechanical energy makes the work done different from the work found in
the literature. Therefore, this turbine is the third major contribution of this paper. DPC strategy based on the
designed regulator is a development of the traditional strategy, where the PWM strategy was used to generate the
necessary pulses based on the voltage reference values. This strategy uses the same estimation equations used in
the traditional strategy. To implement this strategy, MATLAB was used with two different WS profiles to study
the effectiveness and strength of this designed strategy. All tests showed the high performance of this strategy,
making it a reliable solution in industrial applications in the future.
The objectives achieved by this work are the following points:

o Overcoming the disadvantages of the DPC of DFIG strategy.

« Improve the quality of power and current.

« Overcoming the disadvantages of PI controller.

« Significantly increasing the durability of the control system.

« Significantly improved value compared to traditional controllers and some works.
« Significantly improve the overshoot value compared to the traditional approach.

« Reducing the SSE of IG power.

Accordingly, the completed work was divided into six different sections. The second section presented the ES
proposed for the study, where the mathematical modeling of the main elements composing this system was
discussed, mentioning the negatives and positives. After that, the third section presented the designed controller,
where its features and MM were discussed. In the fourth section, the application of the controller designed to
control the powers of the IG-SRLWT is discussed, and the necessary information is given. The fifth section
implements the controller designed in MATLAB and compares its performance with the traditional controller.
Also, the results are compared to several published scientific works. Finally, all the conclusions obtained in this
work are collected in Section VI with future work given as a sequel to this work.

Proposed power system

To augment the energy gained from the wind, an SRLWT is used. The use of one of these WTs contributes to
raising the robustness and stability of the studied ES, as this proposed ES relies on the use of an IG generator.
This generator uses a 2-level inverter to feed it from the network. The PWM approach is used to run the inverter
of the machine, as this approach is described by simplicity, ease of realization, and low charge.

Figure 1 represents the ES proposed for study in this work. The use of this designed ES contributes
significantly to minimizing the use of non-renewable energy sources and minimizing the phenomenon of global
warming. So, the use of this ES contributes greatly to protecting the environment. This ES has advantages such
as simplicity, ease of implementation, inexpensive, and does not require complex control. This proposed ES can
be used at the individual level, which allows it to beat the problem of the increasing energy demand. Also, this
proposed ES allows for minimizing the charges of creating and consuming electrical power.

IG

Power grid

€
ew confroller A —[— *

Ps*r

Os* 1 RSC GSC

Fig. 1. Designed ES.
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SRLWT model
The SRLWT is considered one of the most important components of the proposed ES station, as this turbine is
responsible for generating energy from wind. The use of this turbine allows for overcoming the phenomenon
of global warming and reduces dependence on traditional energy sources. Also, the use of these turbines allows
for overcoming energy demand and reducing the energy production and consumption bill*!. Turbines are
considered an effective solution for generating energy for non-petroleum governments, as they can be used on
land and at sea. Demand for wind turbines in European countries increased by 74% in 2020, reaching a record
high of 15 gigawatts. This percentage indicates the energy transformation taking place across European countries
and the extent of their dependence on the use of non-renewable energy sources to generate electrical energy.
Also, the percentage of demand for onshore wind turbines in European countries amounted to 8.2 gigawatts,
an increase of 13% compared to 2019. As for foreign orders for wind turbines in 2020, they increased six-fold
compared to 2019 to reach 6.4 gigawatts. Several turbines are used in the form of farms called wind farms. The
larger the number of turbines used in wind farms, the greater the energy produced*?. The power produced by
turbines depends on the WS and the size of the turbine. The larger the turbine dimensions, the greater the energy
produced. A turbine with three blades is often used because it generates more energy from the wind compared
to a wind turbine with one or two blades.

The energy gained from wind using a turbine is expressed by Eq. (1). This gained energy (P)) is affected by a
factor called the coefficient of power (Cp), whose value does not exceed 1.

Pt:%p}fcp(ﬂ, AV )

Where, Vis the speed of wind, p is the Air density, and R is the blade radius.
The turbine torque can be calculated from the gained energy, as Eq. (2) is used to calculate it.

- LR 3
Tae'r_2QtpRCP(67>\)V (2)

Where, T, is the aerodynamic torque, and (2, is the turbine speed.

The value of the Cp factor is affected by the blade angle () and the tip speed ratio (\), where the largest
value of this factor is when the blade angle value is equal to 0 degrees. This is a coefficient that can be calculated
according to the work** using the Eq. (3).

46 /151
Cp(X, B) = ﬁ(

58 2 214 ) —i8.4
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The value of A is related to the WS, as the greater the wind speed, the lower the value of A and vice versa. The
value of A is also affected by the speed of the turbine, as the greater the speed of the turbine, the greater the value
of \. The blade length of the turbine greatly affects the value of A. The longer the blade, the larger the value of \.
Equation (4) is used to calculate the value of A.

_ 2

A=Y

R (4)

In an energy system based on wind turbines, the rotational speed of the turbine is less than the rotational speed
of the generator. Therefore, a gearbox is used. This gearbox is used to increase the speed of the turbine to obtain
the necessary speed for the generator. Equation (5) is used to calculate the speed and torque of the generator
based on the speed and torque of the turbine”.

Taer - TmG
{ Qo =GR, (5)

To control the turbine, the MPPT strategy is used. This strategy is characterized by simplicity, ease of
implementation, uncomplicated, and quick DR. This strategy relies on the use of the PI regulator, as it has been
detailed in several different works**~*%. Using the MPPT strategy allows the energy gained from the wind to be
related to the change in WS.

RSC model

The strategy designed in this work is used to control RSC. The use of RSC by a two-level inverter is proposed to
reduce costs, simplify the system, simplify control, and demonstrate how the designed controller can improve
power and current accuracy. The GSC is used by an uncontrolled inverter to simplify the studied ES, simplify
control, and reduce costs. Also, to show how powerful the designed approach is in improving the quality of power
and current without resorting to GSC control. To generate the pulses needed to operate the RSC, a PWM method
is used that converts voltage reference values into pulses. The PWM strategy is characterized by simplicity, ease
of control, low costs, and ease of experimental realization. A two-level reflector has been modeled in several
different works*®>°. According to these works, the MM of a two-level reflector can be represented by Eq. (6).

Va E 2 -1 -1 F
Vi =2 21 2 -1 P )
V. 61 -1 -1 2 F
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Where, F,F, and F, they are values that can take the value 1 or -1, depending on the condition of the transistors.

IG model

Induction machines are among the most famous and widely used machines in industrial fields. These machines
have many advantages such as low cost, little maintenance, high durability, and ease of control. These induction
machines can be used in the field of renewable energies to generate electrical energy. According to the work
done in°!, induction machines have a high ability to operate in variable WS conditions compared to other
machines®>>. The mathematical modeling of this machine is based on the use of the Park transformation, where
the parts of the machine are represented by mathematical equations. In this work, a DFIG-type IG was used. This
type allows controlling the generated power based on controlling the feeding of the rotor. This feature makes this
type more effective and efficient in the case of variable WS. Machine powers can be calculated using Eq. (7). The
power of a machine is related to current and voltage, as depending on the current absorbed by the machine, the
torque and power generated by this machine can be controlled.

P, = %3(+Vqs[qs + Vaslas) )
Qs = 2(+Vaslas—V aslys)

Equation (8) expresses both the flux and voltage of the stator part of the machine®!.

Vas = Rslas + %W sd — Ws¥ qs

wds =L, ds+MIdr (8)
Vqs - Rqus + %Q—/ qs + 'LUSW ds

v gs — Lsqu + Mlqr

Where, R is the stator resistance, V . and V 4 are the stator voltages in the d-q reference frame, L, is the stator
inductance, and ‘qu and ¥ [ are the rotor flux in the d-q reference frame.

The rotor voltage is linked to the stream, and its value can be determined using Eq. (9). Using Eq. (9), the
flux value for this part of the machine can be calculated. The flux of the rotor part can be changed by current
control®3.

Vir = Relar + %W dr — Wr¥ qr

VY gr = Lylar + Mg (9)
Var = Relgr + L0 o + w, ¥ g

v qr — L'rfq'r + MIqs

Where, V . and V 4 are the rotor voltages in the d-g reference frame, ¥ . and ¥ '}, are the rotor flux in the d-q
reference ?rame, L, is the rotor inductance, M is the mutual inductance, and R is the rotor resistance.

The expression for torque is included in Eq. (10), where the expression for this torque is linked to the
development of the speed of the machine. This equation is of great importance, as though it is possible to control
the operation of this machine, either a generator or a motor.

(10)

T.—T.=f02 +J%E
T. = %p%(lp SqITd -V sdjrq)

Where, Te is the torque generator, I and I, are the rotor currents in the d-q reference frame, Q is the speed of
generator, p is the number of pole pairs, and fis the viscous friction.

A study of the literature indicates that many different controllers have been proposed to control IG force, such
as PI regulator, backstepping controller, synergetic controller, and STC regulator. These controls vary in terms of
complexity, difficulty of implementation, efficiency, efficiency, and performance. Some of these controllers give
good results, but they are complex and the DR is difficult to adjust. Some control approaches depend on the MM
of the machine, which makes them affected by changes in the machine parameters. Therefore, in the next part, a
regulator is proposed that features strong performance, fast DR, and ease of implementation.

Proposed controller

In this part, the controller’s proposal is characterized by simplicity and ease of realization. This proposed
controller differs from the controllers found in the literature, as the structure of this controller depends on
proportional, integral, and derivative error procedures.

As is known, the PI controller is characterized by fast DR and easy adjustment. Also, the PD-type controller
is characterized by simplicity, few gains, and ease of operation. Applying both PD and PI does not require
knowledge of the MM of the machine.

In Egs. (11) and (12) the MM for both PI and PD is given.

u (t) :Kle(t)+K2/ e(t)dt (11)
de (t
w(t) = Kze (t) + Ka 6d§t ) (12)
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Fig. 2. Proposed controller.
Features Proposed controller | SMC Synergetic controller | Backstepping controller | Predictive controller
Simplicity Yes No Yes No No
Number of gains Low Medium Low High High
Affected by changing machine parameters | Low High Low High High
Performance High High High High High
Durability High High High High High
Application to complex systems Easy Complicated | Easy Complicated Complicated
Use a MM of the machine No Yes No Yes Yes
Ease of completion Yes No Yes No No
DR Very fast Fast Very fast Fast Fast

Table 1. Comparing the designed controller with some existing controllers.

Despite the advantages of PD and PI, their use in the field of renewable energies gives unsatisfactory results in
terms of PQ and THD of current, especially in the event of a malfunction in the automated system. To overcome
this problem, several solutions were used, including PD(1+PI)** and PI(1+PI)*. Using these two solutions
gave satisfactory results in terms of increasing PQ. However, these proposed solutions have drawbacks, the most
prominent of which is complexity and difficulty in control due to the presence of a significant number of gains.

To overcome the problem of complexity and difficulty of adjustment, a new controller is proposed that is
completely different from the controllers found in the literature. This controller designed as an effective and
convenient solution is represented in Fig. 2. This figure gives a clear picture of how simple and easy it is to adjust
this designed regulator.

According to Fig. 2, the designed regulator does not need to know the MM of the machine compared to
many other controllers such as SMC, which makes this designed regulator one of the most reliable solutions in
the future. Also, its use does not require complex calculations, which makes it a suitable solution for complex
and large systems.

Equation (13) represents the MM of the regulator designed in this paper, which will be used in the next
section to control power.

dey (1)
dt

y () = (K ex () + Ko 2@y gy / w(t)dt) + Krea (1) (13)

Where, K|, K,, and K, are the gains of the proposed new regulator. Using the values of these gains, the DR can
be adjusted to obtain the desired performance.

Gain values for this designed controller can be calculated using intelligent strategies such as GA. However,
using these strategies requires writing programs, as in some cases these programs are complex and do not give
satisfactory results. Therefore, simulation and experimentation were relied upon to determine the gain values of
this designed controller. This method is fast and gives excellent results, as values were taken that gave excellent
results in terms of current and PQ.

Table 1 represents a comparison between the designed regulator and some controllers found in the literature.
This comparison gives a clear picture of the importance of this designed controller in the future as a promising
solution in the industrial field.

This designed controller is used in the next section to overcome the problems of the DPC strategy of IG-
SRLWT systems.

Proposed control approach

In this part, a new command based on the DPC approach is proposed based on the use of the proposed regulator
represented in Eq. (13) and Fig. 2. This approach, designed to control powers, is used for IG, where the outputs
of these controls are reference voltage values and their inputs are error powers, as shown in Fig. 3. According to
Fig. 3, two controllers are used to control powers. The proposed DPC strategy based on the use of the controller
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Fig. 3. Proposed control of RSC.

designed in the third section is used to control the RSC only to demonstrate the effectiveness, efficiency, and
ability of this designed strategy to improve the quality of power and current without resorting to controlling the
network inverter. The designed strategy is a modification of the traditional DPC strategy, where the switching
table is compensated by the PWM strategy to generate the pulses needed to operate the machine inverter. Also,
the controller designed in the third section is used to replace the traditional hysteresis controllers found in
conventional control to generate the voltage reference values necessary to operate the inverter. These voltage
reference values are generated from power errors.

In this designed strategy, the MPPT strategy is used to generate the reference value for the Ps, and thus the
value of the current and torque becomes related to the shape of the WS change.

The general structure of the proposed strategy, which is based on the controller designed in the third section,
is represented in Fig. 4. This proposed strategy relies on the use of power estimation to calculate the power error.
Since the designed strategy is a development of the DPC strategy, the equations for estimating capabilities used
in the DPC approach remain the same as in the designed strategy. This designed strategy differs from the works
mentioned in the introduction section and scientific works!®>¢>",

According to the work done in®8, to estimate the capacity, the flux must first be estimated. As is known, flux
estimation is linked to measuring voltage and stream. Using the Eqgs. (14) and (15), the flux for the rotor and
stator can be estimated.

Y .3 :fo(VT_RT X Z'T/B)dt
Vo = [ (Ve = Re X i )dt

Vo = [ (Vo= Rs X isp)dt
Vo = [ (Ve— Ry X isa )dt

Equation (16) represents the absolute value of the flux of the rotating and stator parts of the machine. This
equation is used to implement the proposed approach in the MATLAB environment.

W ol=1/(T2 +¥2)

(16)
W, =y/(T2 +¥7)

The power estimation in this work is done using Eq. (17), where the estimation of these energies is used to

calculate the energy error™.

QS:_%< Vs Xwﬁ'r_ VsX Ly )

o X Lg o X Lpx Ly

Py=-3Vix W5 x L

-2 o X LyX Ly

(17)

The energy error is determined according to Eq. (18), where the values of these errors are inputs to the proposed
regulator. Using the MPPT approach makes the Ps reference related to the shape of the WS change. The reference
value of the Qs is set to 0. So, the apparent power value in this case becomes the Ps and the power factor value is 1.

eps = —Ps +P;
{ €QRs = _Qs + Q: (18)
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Fig. 4. Proposed power control system.

The suggested approach is a change and modification of the DPC approach, as they differ in terms of regulating
the inverter and the controllers used to control powers. But they use the same estimation equations. So this
designed approach maintains the simplicity and ease of realization found in the DPC approach and increases the
robustness of the ES used.

Using available Equations (13), the proposed regulator used to control the IG capabilities can be expressed
using Egs. (19) and (20).

Var (t) = (K eps () + Ko dei;t(t) )(K3/ wer () dt) + Kieps (t) (19)
Var () = (K e (1) + K2 %2 O g, / war (1) dt) + Kiregq (1) 0)

Where, K, to K, are the gains by which the DR of the controllers is adjusted.

The gain values of the controls used to control powers were calculated using the method of experimentation and
simulation. This strategy was relied upon for its ease of use and obtaining values quickly without the need to
write complex programs.

Using Eqgs. (19) and (20), the proposed regulator for power control can be represented in Fig. 5.

To study the stability of the designed controller, the Bode curve or Lyapunov’s theory can be used. Using these
two methods allows us to verify the stability of the proposed controller. The use of Lyapunov’s theorem depends
on calculating the derivation of Lyapunov’s function, where this method is a mathematical method based on
calculation. Using the Bode curve to prove the stability of the designed controller is better than using Lyapunov’s
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Fig. 5. Proposed Ps and Qs controllers.

theory, as this method does not depend on calculations such as the derivation calculation. The Budd curve is a
simple and uncomplicated graphical method.

In this work, the Bode curve was relied upon to prove the stability of the designed controller. Figure 6
represents the Bode curve for the two controllers. Figure 6a represents the Bode curve of the PI regulator. The
phase measured at 0 dB is -50°, so the phase margin is 50°. Also, the profit margin is positive. Since the phase
margin is positive, this system based on the PI controller is stable.

Figure 6b represents the Bode curve of the designed controller. According to this figure, the phase measured
at 0 dB has a negative value, and therefore the phase margin is a positive value. The gain at -180 degrees is
negative, so the gain margin is positive. Since the phase margin is positive, this designed controller-based system
is stable.

Table 2 represents a comparison of the proposed controller-based strategy with the DPC-PI strategy. In this
table, the similarities and differences between these two controls are mentioned. Estimating capabilities and ease
of completion are among the most prominent similarities between these two strategies used in this work. The
differences between these two strategies lie in durability, performance, efficiency, and efficiency in improving
PQ.

The designed strategy will be tested for validity and effectiveness in the next part, where it will be compared
with the DPC-PI strategy. It is proposed to compare the obtained results with other works to prove the strength
and effectiveness of the designed approach.

Results

In this section, the proposed approach is simulated using a 1500 W generator, where results are compared
with the DPC-PI approach. The efficiency of the designed approach was studied in the case of using the MPPT
strategy and not using it. Also, a comparison was made between the two controls in terms of reference tracking,
THD, ripple reduction ratios, RT, SSE, and overshoot of IG power. The IG parameters are shown in Table 3.

Without MPPT technique test
In this test, the proposed approach is tested without using MPPT and comparing the results with the traditional
strategy based on PI controller. The obtained results are represented in Figs. 7 and 8. The numerical results are
represented in Table 4. From Fig. 7, it is noted that the powers follow the references well with a dynamic response
in the case of using both controllers. Also, it is noted that there are ripples at the power level in both controllers.
Ps has negative values and this is evidence of generating energy and sending it to the network. Qs has a fixed
value equal to zero for the power factor to be equal to the value 1.

Figure 7c represents the stream as a function of time for both regulators. This stream has a sinusoidal shape
with ripples, and its amplitude is linked to the values of Ps.

Figure 7d represents the change in power factor as a function of time for the two methods. It is noted that the
value of this factor is constant and equal to one for the two controls, with the presence of ripples.

The THD of the stream for the two controllers can be known from Fig. 7e and f. From these two figures, the
THD values were 0.69% and 1.57% for the new regulator and the PI regulator, respectively. Accordingly, the
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Fig. 6. Budd curve for both controls.

proposed regulator reduced the THD compared to the PI regulator, as this reduction was estimated at a rate of
56.05%. It is also noted that the designed controller provided an amplitude of the fundamental signal (50 Hz)
equal to the PI controller. These results highlight the power of the controller designed to improve the quality of
the current compared to using the PI controller.

In Fig. 8, a zoom of the graphical results of the first test is shown, where it is noted that the proposed regulator
significantly reduced ripples for energy, power factor, and stream compared to the PI regulator. So, the fineness
of energy and stream are high if the designed regulator is used compared to the PI regulator.
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Features DPC-PI | Proposed approach
Robustness Low High

MPPT Yes Yes

Power estimation Yes Yes

Switching table No No

Hysteresis controller | No No

PI controller Yes No

Response dynamic | Very fast | Very fast

THD Medium | Low
Power ripples Medium | Low
Proposed controller | No Yes
Stability Stable Stable

Table 2. Comparison between the designed approach and the DPC-PI approach.

Parameter | Values

Rs 1.18 mQ
P, 1500 W
L 0.18 mH
L, 0.17 mH
P 1

] 0.04 kg.m?
L, 0.20 mH
R, 1.66 mQ
f, 0 mN.m/s
Vs 220/380 V
fs 50 Hz

Table 3. IG parameters.

Table 4 represents the numerical results for the designed strategy and the traditional strategy with reduction
percentages for RT, spikes, SSE, and overshoot. Through these values, it is noted that the designed approach
provided satisfactory results compared to the PI controller. The proposed controller reduces the values of ripple,
SSE, and overshoot of Ps compared to the PI controller by percentages estimated at 69%, 54.40%, and 99.81%,
respectively. In the case of Qs, the values of ripple, SSE, and overshoot were reduced by percentages estimated
at 62.90%, 54.84%, and 88.37%, respectively, compared to the PI controller. These percentages indicate the
effectiveness and strength of the approach designed to improve PQ characteristics compared to the PI approach.
However, despite this performance, the designed controller provided unsatisfactory results in terms of RT to
powers compared to the PI approach. It is noted that the PI approach reduced the RT by percentages estimated
at 23.51% and 91.67% for both Ps and Qs, respectively, compared to the designed controller. The negativity of
the proposed controller can be traced back to the values of gains, which can be overcome in the future by adding
other strategies (merging) or using smart strategies to calculate the values of these gains.

With MPPT technique test

This test differs from the previous test, as the MPPT technique is used to study the effectiveness and strength of
the proposed controller. This test is divided into two different tests, the first test in which the performance of the
proposed approach is studied in the case of variable WS. The second test is to study the designed approach if the
machine parameters change. The behavior of the proposed approach is compared to the PI controller in terms
of ripple reduction ratios, RT, SSE, and overshoot of IG power. Also, the two strategies are compared in terms of
THD value and tracking references.

Test 1: variable WS

In this test, the behavior of the proposed controller is studied using a variable WS, and the results are compared
with a PI controller. The results of this test are included in Figs. 9 and 10. Also, the numerical results are listed
in Table 5. The WS used in this test is listed in Fig. 9a. The powers continue to follow the references well (Fig. 9b
and c) despite the change in the shape of the WS, with the fast DR of the two controllers. Also, the Ps keeps
taking negative values, which is the same observation as in the without MPPT test. On the other hand, it is noted
that the value of Qs is not affected by the change in WS, as it remains equal to the value 0 with the presence of
fluctuations at the two control levels.
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Fig. 7. Without MPPT technique test results.
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Figure 7. (continued)

Figure 9d gives the change in current as a function of time for the two controllers, where despite the change
in the shape of the WS, this stream remains sinusoidal for the two regulators. The value of this stream is linked
to the change in the value of the Ps, and it is the same as the observations found in the first test.

Figure 9e represents the change in the power factor of the two controllers as a function of time. It is noted
that the power factor does not change depending on the change in WS and its value is positive and constant. The
power factor value remains equal to 1 for both controllers.

Figure 9f g represent the THD of both regulators. The THD values were 0.91% and 0.45% for the PI regulator
and the designed regulator, respectively. So, the designed regulator reduced the THD significantly compared to
the PI regulator, as this minimization was estimated at 50.55%. This ratio indicates that the designed regulator has
a high competence in enhancing the stream fineness. It is also noted that the amplitude value of the fundamental
signal (50 Hz) in this test is equal in the case of the two controllers, which is a good thing for the proposed
controller.

In Fig. 10 a zoom of the graphical results of the variable WS test is shown. This figure shows that the proposed
regulator minimized the undulations of stream, energy, and power factor well compared to the PI regulator.
Therefore, the PQ is high in this test if the designed regulator is used.

Table 5 represents the reduction percentages obtained in the test using variable WS for the two controllers.
This table gives the strengths and disadvantages of the proposed controller compared to the PI controller. The
designed controller gave good values for ripple, SSE, and RT of Ps. The designed controller reduced the value
of SSE, RT, and ripples of Ps by percentages estimated at 78.82%, 2.91%, and 61.70%, respectively, compared
to the PI approach. The values of ripples and SSE of Qs were reduced by percentages estimated at 56.87% and
58.23%, respectively, compared to the PI controller. However, the designed controller provided unsatisfactory
results in terms of overshoot and RT for Qs compared to the PI controller. PI controller reduced the overshoot
value of IG power by percentages estimated at 81.82% and 92.67% for Ps and Qs, respectively, compared to the
designed controller. Also, the PI controller gave a much better RT value than the controller designed with a
ratio of 60.23%. These negatives can be attributed to the values of the gains. Other strategies can be added to the
controller designed to overcome these drawbacks, such as the use of NNs.

Test 2: test of changing IG parameters

In this test, the IG parameters are changed to study the effectiveness and efficiency of the designed controller
in improving the quality of power and current compared to the PI controller. The resistor values are multiplied
by 2 and the machine coil values are divided by 2. In this test, the WS shown in Fig. 9a is used. The graphical
results of this test are represented in Figs. 11 and 12. Also, the numerical results are listed in Table 6. According
to Fig. 11, it is noted that despite the change in the IG parameters, the powers still follow the references well for
the two controllers (Fig. 11a and b). Also, the current continues to take a sinusoidal shape, and its value changes
according to the change in WS, which is the same as the observations found in the previous test (Fig. 11c). The
power factor continues to take a value of 1 despite changing the IG parameters, as shown in Fig. 11d.

The THD value and fundamental signal (50 Hz) amplitude for two controllers are listed in Fig. 11e and f. The
THD value was 1.33% and 0.6% for both the PI controller and the designed approach, respectively. Accordingly,
the designed approach significantly reduced the THD value, as this reduction was estimated at a rate of 48.12%
compared to the PI regulator. It is also noted that the amplitude value of the fundamental signal (50 Hz) is almost
the same value for the two controllers, with an advantage for the proposed regulator, as its value was 3.354 A
and 3.355 A for both the PI regulator and the designed controller, respectively. These results show the extent of
the power of the proposed regulator, despite changing the IG parameters, to improve the quality of the current
compared to the PI regulator.

In Fig. 12, a zoom of the graphical results of the test of changing IG parameters is shown, where it is noted
that the proposed regulator significantly minimized fluctuations for power, power factor, and stream compared
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Fig. 8. Zoom (Without MPPT technique test).

to the PI regulator. So, the fineness of energy and stream are high if the designed regulator is used compared to
the PI regulator.

Table 6 represents the reduction percentages for RT, ripples, SSE, and overshoot of IG power for the two
controllers proposed in this work. Table 6 shows the superiority of the proposed regulator over the PI regulator
in terms of ripple, SSE, and overshoot, and this appears through the calculated reduction ratios. In the case of
Ps, the designed regulator reduced the ripple, SSE, and overshoot values by percentages estimated at 59.14%,
50.88%, and 77.14%, respectively, compared to the PI controller. In the case of Qs, the proposed regulator
minimized the overshoot, fluctuations, and SSE values by ratios estimated at 72.22%, 54.77%, and 62.68%,
respectively, compared to the PI regulator. The RT to power is much better when using a PI regulator than
a designed regulator. Therefore, the RT is considered negative in this test for the designed regulator. The PI
regulator reduced the RT compared to the designed regulator by rates estimated at 98.09% and 86.23% for both
Qs and Ps, respectively. This negative can be overcome by using a GA strategy to calculate the gain values of the
proposed controller or by combining this designed regulator with other techniques such as the FL approach.
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Qs (VAR) | Ps (W)
Overshoot 6.70 321.85
Fluctuations | 58.70 50
PI controller
RT (ms) 0.404 | 0.540
SSE 26.22 14.1
Overshoot 0.779 0.60
Fluctuations | 21.78 15.50
Proposed controller
RT (ms) 4.85 0.706
SSE 11.84 6.43
Overshoot 88.37 99.81
Fluctuations | 62.90 69
Improvement Ratios (%)
RT (ms) -91.67 -23.51
SSE 54.84 54.40

Table 4. Numerical results of the case without MPPT approach.

Finally, the results obtained using the designed controller are compared with other methods in terms of RT,
THD value, ripple, SSE, and overshoot. This comparison is included in Tables 7, 8,9, 10 and 11.

Table 7 represents a comparison of the designed controller with other works in terms of RT to powers. It is
noted that the controller has a fast DR compared to many existing strategies, which is a good thing that makes
the designed controller an effective solution in other fields.

Table 8 represents a comparison of the designed controller with some papers in terms of the percentage of
overshoot of powers. This table highlights the superiority of the designed controller over several scientific works
in terms of the percentage of overshoot reduction of powers.

Table 9 represents a comparison of the proposed controller with other works in terms of the ripple reduction
ratio for the powers. It is noted from this table that the designed controller has a greater reduction rate than
several works, which highlights the extent of its strength and performance in improving PQ compared to several
scientific works, which makes it one of the most prominent solutions in the future that can be relied upon.

Table 10 represents a comparison of the designed controller with other scientific works in terms of the
percentage of reducing the SSE value of the powers. This table highlights that the designed controller has a
greater reduction rate compared to several works, which highlights the extent of its strength and effectiveness.

Table 11 represents a comparison of the designed controller with scientific papers in terms of the THD value
of the current. It is noted from this table that the THD value of the current is low in the case of using the designed
controller compared to other scientific works. Therefore, the designed controller has a greater ability to improve
the THD value compared to several tasks, which makes it a promising solution.

Conclusions

This work presents a new regulator to enhance the drawbacks of the DPC approach of IG-SRLWT, where the
performance was compared with the PI approach. This proposed approach has several features that make it a
promising solution in the future, such as simplicity, a small number of gains, and ease of realization. MATLAB
was used to realize it and verify its robustness, efficiency, and competence using three different tests. The results
obtained show the extent of the ability of this designed regulator to ameliorate the fineness of the stream by
reducing the THD value compared to the PI regulator. The designed controller reduced the THD value by
percentages estimated at 48.12%, 50.55%, and 56.05% in all tests compared to the PI controller. The designed
controller reduced the ripple value of Ps and Qs by high percentages compared to the PI regulator, where the
reduction percentages for Ps were 69%, 61.70%, and 59.14%. Reactive power reduction ratios were estimated at
62.90%, 56.87%, and 54.17% compared to the PI regulator. Therefore, the conclusions obtained from this work
can be summarized in the following points:

o Overcoming DPC strategy problems.

o Overcoming the disadvantages of PI regulator.

« Reducing the overshoot value of Ps by percentages estimated at 77.14% and 88.37% compared to the PI con-
troller.

« Reducing the SSE value of Ps by ratios estimated at 54.40%, 78.82%, and 50.88% in all tests compared to the
PI controller.

 Reducing the SSE value of Qs by ratios estimated at 62.90%, 56.87%, and 54.17% in all tests compared to the
PI regulator.

+ Reducing the overshoot value of Qs by percentages estimated at 72.22% and 99.81% compared to the PI
controller.

« The use of the designed regulator allows for increasing the durability of the studied energy system compared
to the use of a PI regulator.

« Improving control stability compared to using a PI regulator.

These obtained results make the designed controller of great importance in the industrial field, as it can be relied
upon in other fields such as traction and propulsion.
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Fig. 9. Variable WS test results.
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Figure 9. (continued)

This work has some limitations, such as implementation in MATLAB and using only one profile of WS
variation to study the efficiency of the designed approach. Also, the effectiveness and impact of the designed
controller were not studied in the event of a network malfunction. In the future, we will attempt to implement
this controller experimentally and verify the validity of the results presented in this work. Also, try to apply the
designed controller to the GSC and compare it with other controllers. In addition, an attempt will be made to
integrate the designed controller with other strategies such as neural networks, SC, and fractional calculus to
significantly improve performance and robustness.
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Ps (W) | Qs (VAR)

Overshoot | 05 14.42

Fluctuations | 47 52.40
PI controller

RT (ms) 0.103 | 0.105

SSE 17 23.94

Overshoot 50 196.70

Fluctuations | 18 22.60
Proposed controller

RT (ms) 0.100 0.264

SSE 3.6 10

Overshoot -81.82 | -92.67

Fluctuations | 61.70 | 56.87
Improvement Ratios (%)

RT (ms) 291 -60.23

SSE 78.82 58.23

Table 5. Numerical results of test 1 (variable WS profile).
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Fig. 12. Zoom (Test of changing IG parameters).
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Qs (VAR) | Ps (W)

Overshoot 14.40 5.25

Fluctuations | 57.60 48.16
PI controller

RT (ms) 0.105 0.103

SSE 25 17.02

Overshoot | 4 1.2

Fluctuations | 26.40 19.68
Proposed controller

RT (ms) 5.51 0.748

SSE 9.33 8.36

Overshoot 7222 77.14

Fluctuations | 54.17 59.14
Improvement ratios (%)

RT (ms) 98.09 86.23

SSE 62.68 50.88

Table 6. Numerical results of test 2 (test of changing IG parameters).

Power RT
(ms)
References Ps Qs
60 15 80
ol 33.8 | 345
62 5 4
63 B 28
o4 22 1090
05 1.50 | 0.80
66 1.78 | 8.50
. 1.70 1.85
67
1.34 | 1.183
3.87 |2.58
68
1.29 0.46
DPC 17 18
69
Nonlinear DPC approach | 9 5
0.748 | 5.51
Designed controller 0.264 | 0.100
0.706 | 4.85

Table 7. A comparison between the designed controller and some papers in terms of RT.
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o 4838 | 73.87
4932 | 20.10
! 16.59 | 7.23
7 60.93 | 67.74
7 60.93 | 67.74
o 44.06 | 32.20
2277 | 32.49
65.90 | 70.96
» 65.10 | 71.42
67.44 | 7031
Designed 7222 | 77.14
controller | 9981 |88.37

Table 8. Comparing the designed controller with some papers in terms of the minimization rates obtained for
overshoot.

76 36.93 | 22.95
& 46.93 | 28.57
50 44.50
70 52.98 | 63.33
50 48.18
54.25 | 56.66
77 46.68 | 47.50
50.74 | 50.41
66.93 | 60

7 53.57 | 50
69.10 | 61.66
12.02 | 10
10.53 | 5.88
62.90 | 69
Proposed controller 56.87 | 61.70
54.17 | 59.14

74

Table 9. Comparison of power fluctuations minimization rates.

Scientific Reports|  (2025)15:3191 | https://doi.org/10.1038/s41598-025-87832-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Ref. Qs Ps

SSE ratios
(%)

78.44 | 45.83

52.22 | 56.52
48.75 | 87.50

76

36.93 | 35

72

42.14 | 47.57

74

38.32 | 50
39.68 | 40

Proposed controller 58.23 | 78.82

54.84 | 54.40

62.68 | 50.88

Table 10. Comparison of SSE for IG power.

Current THD (%) | Ref.

2.15 78

3.13 7

6.70

80

2.40

7.83 81

8.75

82

1.57

3.70 83

4.88

84

4.19

9.71

85

3.14

1.19 ol

4.59

65

18.51

12

86

7.19

0.69

0.45 Proposed controller

0.69

Table 11. Comparison of the results obtained with other approaches in terms of the current THD.
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