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The goal of this study is to present a novel and improved backstepping control (BC) technique for a 
dual-star induction generator (DSIG) powered by a wind turbine. This approach relies on the ant lion 
optimization (ALO), which is employed to determine the optimal parameters of the BC approach 
and improve the performance of the wind conversion energy system. The ALO approach enhances 
the robustness of the DSIG, enabling faster dynamic responses, greater accuracy, and consistently 
improved effectiveness. The fitness function of the ALO approach integrates both integral time 
absolute error and integral time squared error criteria, ensuring the fulfillment of effectiveness 
objectives. The performance of the BC-ALO approach is validated through MATLAB. The results of 
the tests show that the new approach reduces total harmonic distortion, minimizes stator energy 
fluctuations, and improves dynamic efficiency compared to the BC approach. Additionally, the 
method can handle uncertainties in model parameters, making it versatile and practical. Simulation 
results show that the BC-ALO method reduces the total harmonic distortion value compared to the 
BC method by percentages estimated at 29.45%, 50.44%, and 43.10% in all tests. Also, this approach 
improves the overshoot value of DSIG power compared to the traditional BC strategy by an estimated 
100% in all tests. The proposed approach improves the response time value of the reactive power 
compared to the conventional BC strategy by percentages estimated at 97.65%, 97.78%, and 95.23% 
in all tests. The DC link voltage ripples are low if the proposed approach is used, with ratios estimated 
at 63.31%, 71.38%, and 71.89% in all tests. These results make the proposed approach interesting in 
other applications such as photovoltaic systems.

Keywords  Dual-star induction generator, Integral time squared error, Backstepping control, Ant lion 
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STSMC	� Super twisting sliding mode control
PI	� Proportional–integral controller
DTC	� Direct torque control
DR	� Dynamic response
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SPOF	� Single-phase open fault
Tem	� Electromagnetic torque
Ps	� Active power
MC	� Matrix converter
TOSTC	� Third-order super-twisting controller
SMC	� Sliding mode control
AI	� Artificial intelligence
GWO	� Grey wolf optimization
Vs	� Stator voltage
M	� Mutual inductance
J	� Inertia
Iqs and Ids	� Stator currents in the d-q reference frame
Vqs and Vds	� Voltages of the stator in the d-q reference frame
ωs	� Electrical pulsation of the stator
f	� Viscous friction
p	� Number of pole pairs
φqs and φds	� Flux of the stator in the d-q reference frame
R	� Radius blade
σ	� Dispersion coefficient
Lr and Ls	� Rotor and stator inductance
WE	� Wind energy
RPS	� Renewable power source
ALO	� Ant lion optimization
MPPT	� Maximum power point tracking
EW	� Energy winding
CW	� Control winding
FOC	� Field-oriented control
IG	� Induction generator
DSIM	� Double-star induction machine
MM	� Mathematical model
PWM	� Pulse width modulation
Qs	� Reactive power
Cp	� Coefficient of power
λ	� Tep speed ratio
OPF	� Open phase fault
VC	� Vector control
NN	� Neural network
VRV	� Voltage reference value
DSIM	� Double star induction machine
fs	� Stator frequency
g	� Slip
ωr	� Electrical pulsation of the rotor
φqr and φdr	� Flux of the rotor in the d-q reference frame
Vqr and Vdr	� Voltages of the rotor in the d-q reference frame
Ω	� Mechanical rotor speed
Ps

*	� Reference of active power
ρ	� Air density
Iqr and Idr	� Rotor currents in the d-q reference frame
Ωt	� Mechanical speed of turbine
β	� Pitch angle
Rr, Rs	� Rotor and stator resistance

Among other renewable power sources (RPSs), wind energy (WE) is a rapidly growing sector1. It is one of 
the most well-known types of clean RPSs and is widely available worldwide, especially in rural areas. Its cost-
effectiveness and availability make it a popular choice2. However, this approach has several drawbacks, such as 
intermittency and the need for a large land area and significant investment. Its initial use was for mechanical 
applications, such as water pumping, before being harnessed for electricity production3. Nevertheless, induction 
machines (IMs) are widely applied across various fields and serve numerous purposes, particularly in WE 
conversion systems. They are important sources for the production of electrical energy. Additionally, controlling 
them is complex and often difficult because their feed is through fixed components with both excitation and 
generation functions. This limits their use and makes them only suitable for producing electricity from wind 
turbines (WTs) or hydroelectric generators in isolated systems1,3.

Regarding the topic of WE production, several machines can be used for generating power, such as 
synchronous machines (SMs)4, direct current (DC) machines5, IMs6, and multiphase machines7. The latter can 
be used to generate energy, as they are used in cases with high energy and have advantages that differ from those 
of traditional machines. Dual-star induction generators (DSIGs) are multiphase machines (MPMs) in which 
two symmetrical parts are used at an angular difference of 30° or 60°8. MPMs, such as those with seven or five 
phases, can also be used since more poles equate to more torque and, thus, more power production, which is a 
positive outcome. In Ref.9, electrical energy was produced from a WE using a DSIG-type machine, which was 
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controlled by a control based on a proportional-integral (PI) regulator. Furthermore, the reference value for 
active power (Ps) was obtained by using the maximum power point (MPP) tracking (MPPT) approach, which 
links Ps to changes in the wind speed (WS) curve. In Ref.10, an experimental research study was conducted on a 
DSIG placed in a wind energy conversion system (WECS), and the empirical results verified the suitability of the 
DSIG for generating electrical energy. DSIGs possess advantages that make them better suited for increased use 
compared to induction generators (IGs), such as reduced rotor current total harmonic distortion (THD), good 
energy efficiency, power splitting, low maintenance costs, and the ability to use them at a constant or variable 
speed, as required11. In Ref.12, the author presented a generalized model to study the characteristics of a DSIG 
based on a three-phase variable, where the mathematical model (MM) of the DSIG was given using mechanical 
and electrical equations. The author considered that DSIG is a three-phase network, as using DSIG leads to 
obtaining two three-phase networks. In Ref.13, another form of DSIG was given for generating power from WE, 
where the analysis and design of a brushless DSIG for generating current was presented. The advantage of this 
new generator is that it differs from DSIG in terms of the use of brushless materials to improve robustness and 
reduce regular maintenance. The results show the excellent effectiveness of this suggested generator with variable 
WS. Another type of dual-star machine was proposed in Ref.14; specifically, dual-star permanent-magnet SMs 
were used to generate EE from the WE. This type of MPM relies on the use of SMs and is therefore different from 
DSIG in terms of the working principle and costs of generating electricity. Furthermore, the author provided 
a method for determining the value of the inductance parameters for this new machine and performed a 
simulation in MATLAB. The simulation was conducted under varying WS, demonstrating the high efficiency of 
this generator in producing energy even under fluctuating conditions. In Ref.15, dual star induction machines 
(DSIMs) are of great importance as they are one of the most reliable solutions in the industrial field, especially 
in electrical transmission and power generation systems. The use of DSIMs allows for fault-tolerant operation, 
which makes them suitable for the field of electrical power generation. In Ref.16, the application of DSIM for 
powertrain for electric vehicles is discussed. DSIM has been used as a promising option due to its significant 
advantages in terms of performance, power efficiency, and reliability. This system could play a major role in 
the development of electric vehicle technology and other applications. The author argues that the use of DSIM 
machines reduces electromagnetic torque fluctuations, limits current harmonics, and improves power factor 
compared to three-phase machines. Sliding mode control was used to control this machine, and the proposed 
system was implemented in MATLAB. The results showed that DSIM improves the overall performance and 
efficiency of electric vehicles, especially in traction and braking modes, underscoring the importance of DSIM 
in the sustainable development of electric transportation systems.

In Ref.17, the author conducted an evaluation study of the performance and effectiveness of multiphase IGs 
within a grid-connected standalone WT system, and the study specifically focused on DSIGs. MATLAB was used 
to complete this study using variable WS. Therefore, based on this completed research study, these generators 
have achieved excellent performance under different working conditions to generate energy from WE, and the 
power quality is considered fairly acceptable. The use of MPMs increases a system’s complexity compared to 
three-phase machines considering the cost, maintenance, and degree of control; notably, simple and easy-to-
implement controls are used to reduce costs and burdens. In Ref.18, the author argues that DSIG is in increasing 
use in the field of renewable energies due to its advantages in improving reliability and dividing supply. This 
generator was used in a wind energy conversion system with variable-speed wind turbines. In this work, the 
author studied the effect of changing the electrical angle between the two stator windings of a generator in 
reducing the value of harmonic distortion and power quality. This study was carried out in MATLAB, and these 
results showed the extent of the effect of this angle on the quality of current and power.

DSIGs can be regulated through various strategies, such as vector controls (VCs) and field-oriented controls 
(FOCs). Operations aimed at controlling the Ps and reactive power (Qs) of DSIGs can be performed3,8. 
Nonetheless, a precise definition of DSIG parameters is imperative in the proposed controller concept19. In 
Ref.20, a DSIG control was proposed based on the use of an air-gap flux-oriented control to generate power from 
a WT system, where a 13-region time-optimized space vector-based hybrid bus clamping approach with pulse 
width modulation (PWM) was used. The proposed control is based on the FOC strategy, making the approach 
dependent on the DSIG parameters. Its significant drawbacks are its high complexity and high cost. However, its 
high robustness and excellent performance are its key features. MATLAB and experimental work were used to 
validate the effectiveness of this approach. The experimental results demonstrated high accuracy and significant 
efficiency in improving power quality compared to the traditional approach.

Classical VC systems based on control instruments are used to control IMs in many applications in power 
production. This is because they have uncomplicated and simple designs, are easy to implement, and can separate 
Ps and Qs well8,19. However, their use is limited due to the dependence of the effectiveness of the VC process 
on the tuning of the PI21. In Ref.22, the authors used a stator flux-oriented VC technique to control the power 
output from the DSIG, and an 11-zone hybrid PWM technique was used to create the desired control pulses. The 
benefits of using this proposed method are the low complexity and the use of system parameters, which make 
the method sensitive to changes in DSIG parameters. MATLAB was used to verify this control scheme, and the 
results showed the presence of fluctuations at various current and power levels. Thus, another technique that can 
be used to control DSIG and is highly effective and efficient for improving the quality of the resulting energy was 
explored. In Ref.23, the use of super-twisting continuous sliding mode controllers (STCSMC) has been proposed 
as a suitable solution to overcome the drawbacks of the VC technique of DSIG. In this proposed approach, an 
STCSMC controller is used to control the power, allowing for improved power and current quality compared to 
conventional controllers. In addition to the STCSMC controller, a PWM strategy is used to control the machine’s 
inverter. This proposed strategy is implemented in MATLAB, using variable winding to study the behavior. The 
results show that the STCSMC controller significantly improves performance and robustness compared to the 
conventional approach, as demonstrated by reduced power ripples and current THD.
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Another approach is direct torque control (DTC), which is used to control DSIMs by utilizing a matrix 
converter (MC) in a variable-WS turbine system24. MC was used to compensate for the deficiencies of the 
traditional back-to-back inverter and improve the characteristics of the DTC technique to reduce torque 
fluctuations and enhance the current quality. Results using MATLAB showed the competence of the designed 
control in terms of enhancing system efficacy under different working conditions. Because this process uses 
system characteristics, which alter control in the event of an unfavorable system breakdown, using the DTC 
approach to manage the DSIG necessitates the employment of estimation procedures for both torque and flux. In 
Ref.25, a novel control concept was adopted for DSIGs, and the producer system was divided into two subsystems 
to be analyzed independently. The machine had 12 phases and a rectified load. The network equation set was 
constructed using the loop current technique in terms of network graph theory. By using a fixed time step and 
a changing time step alternately to solve the numerical stability problem, voltage and current were produced, 
and the corresponding essential power profile components were obtained. Among the other IG subsystems 
with dual-stator winding and solid cage rotors, the electromagnetic area analysis technique and multivariate 
optimization technique have been combined to obtain the control coil current and stator frequency. In Ref.26, 
neural networks (NNs) and the FOC technique were combined to control the energy generated by DSIGs. In this 
paper, the MPPT was used to determine the reference value of Ps, and a PWM was used to control the run of the 
inverter. The NN-FOC approach differs from the DTC and FOC techniques because it replaces all PI controllers 
with an NN controller. MATLAB was used to realize the suggested method, and the results were compared with 
those of the FOC-PI approach. The results showed the efficacy of the designed approach in terms of current 
quality and significantly enhanced the features of the studied system. The author in Ref.27 believes that the use of 
DSIG allows for eliminating the defects of the slip ring device. Also, using this machine has another advantage: 
it gives better power quality compared to using a DFIG generator. It is also possible to use a PI-type controller 
to control the power, which allows the control system to be simplified and costs reduced. In Ref.28, the modeling 
and analysis of a DSIG with no identical coefficients was performed in a new way. The DSIG was controlled using 
the FOC strategy, where a battery was used to store the resulting power and use it when necessary. A steady-
state model was developed, and the control performance was demonstrated under different working conditions, 
where the control was studied in the case of variable WS. The results demonstrated the elevated effectiveness of 
the suggested system in generating and storing power. In Ref.29, a power control strategy is proposed to improve 
the DSIG characteristics. An asynchronous reference frame is used to model the DSIG. This proposed strategy 
was implemented using simulation and experimental work, where a DC motor was used to drive the DSIG at 
different speeds. The obtained results demonstrate the efficiency and accuracy of the DC bus voltage across 
various operating conditions. In Ref.30, a new strategy for controlling networked DSIGs was proposed. The 
proposed control relied on the use of both the backstepping control (BC) and FOC to regulate the energy created 
by the system and reduce current fluctuations. DSIGs have many advantages, such as high reliability and a split 
supply, which make them suitable for generation systems; therefore, it is needed to use a control system with 
high effectiveness. This research study aims to overcome the problems resulting from the use of PI controllers. 
Notably, a new and different FOC approach in which the BC technique is applied to replace the PI controller 
and regulate the Qs and Ps of DSIGs is explored. This approach has the advantages of being long-lasting and 
performing exceptionally well in terms of reducing fluctuations and enhancing current quality. However, this 
control’s drawback is its complexity and the abundance of control parameters, which make it computationally 
difficult to adjust. Furthermore, since this control approach is dependent on the system characteristics, it is 
undesirable to alter the DSIG parameters since they will impact the system. A comparison between SMC 
strategy and third-order super-twisting controller (TOSTC) strategy for controlling DSIGs was proposed31. Both 
approaches were tested under phase faults. Simulation results demonstrated the effectiveness of the TOSTC 
approach compared to SMC in reducing the chatter phenomenon and significantly improving power quality. 
Furthermore, the TOSTC approach significantly reduces the THD value under phase faults. Despite its high 
performance, the TOSTC approach has drawbacks: power and current ripples persist. These ripples are observed 
to be significantly higher in robustness testing. In Ref.32, an IT2FL controller, coupled with PWM technique, was 
used to control the DSIG power. High robustness and excellent performance are the key features of the proposed 
approach. The proposed approach was implemented in MATLAB, and the results demonstrated its effectiveness 
compared to other methods in improving system properties. This strategy has drawbacks, including its reliance 
on estimating capabilities and the presence of a significant number of gains. Furthermore, the number of rules 
is one of the most significant drawbacks of using the IT2FL approach, as it relies primarily on experience and 
experimentation. A new VC strategy was used in Ref.33 to regulate the energies of the DSIG, where a space 
vector-based advanced 9-zone hybrid PWM technique was used for this purpose. This designed approach is 
described by its high performance and its great ability to significantly ameliorate the quality of the current. This 
control was realized in MATLAB using numerous tests, with results compared to the BC technique. The results 
showed that this designed control has a distinctive and effective performance, and this is shown by the THD of 
current and energy ripples. Complexity, high cost, and difficulty of implementation are the main drawbacks that 
limit the spread of this approach.

Traditionally, the BC approach is one of the most well-liked nonlinear control methods and has been suggested 
to overcome the drawbacks of the SMC technique. This control greatly increases the robustness of systems and 
increases the performance of various strategies. This approach has been used to control IMs34, SMs35, and doubly-
fed induction generators36. In Ref.37, the BC approach and third-order SMC were combined to control an IM, 
and a comparison with the FOC technique was studied. The results showed the elevated efficacy of the designed 
approach in improving machine features compared to the FOC approach. Rooted tree optimization was used to 
improve the effectiveness of the BC approach of DFIGs38. The findings, compared to those of the FOC technique, 
demonstrate that the application of this algorithm increased the efficiency and robustness of the BC approach. In 
Ref.39, The BC strategy has been proposed as a suitable solution for controlling multi-rotor turbine systems. In 
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this approach, the PWM strategy is used to generate drive pulses in the inverter. The approach was implemented 
using MATLAB, and its performance was compared with the DPC approach. Simulation results revealed that the 
BC approach outperformed the DPC approach in terms of reducing fluctuations and total harmonic distortion 
of the current. However, the DPC approach provided a better response time (RT) than the BC approach.

Another study addressed the use of the BC approach to control a photovoltaic system40. This study 
investigated the effectiveness of using the integral BC approach in improving power quality and current. The 
results of the integral BC approach were compared with those of a PI controller-based approach. The results 
demonstrated that the proposed approach outperformed other techniques in terms of improving current THD 
reduction and reducing Ps fluctuations. In Ref.41, a nonsingular terminal sliding mode surface strategy-based 
BC technique is proposed for the power control of DFIGs. This strategy has several advantages, such as high 
robustness and superior performance compared to conventional approaches. The performance of the proposed 
approach is verified using MATLAB and compared with the BC approach. The results show that the proposed 
approach significantly improves the power quality. However, this approach has drawbacks, including its high 
complexity and significant number of gains. Another solution was used in Ref.42 to augment the effectiveness 
of the BC approach in a DFIG, where an integral action scheme was used as a suitable solution. This designed 
control was used to control energy and determine VRVs. The PWM technique was used to transfer these values 
into pulses to run the machine’s inverter. Therefore, this approach is described by high robustness, competence 
in minimizing power fluctuations, and outstanding performance compared to conventional strategies. This 
approach was realized in MATLAB and compared with the DPC approach and other existing methods in terms 
of ripples, current THD, and overshoot. The results obtained show the efficiency of this strategy and the extent of 
its effectiveness in improving the energy/current quality. In Ref.43, the authors proposed the use of a synergetic-
SMC approach to overcome the cons of the BC approach in an IM-based MRAS technique. This approach 
was applied to a 2-level inverter, as this approach is described by high robustness and complexity, significant 
gains, outstanding performance, and difficulty achieving complete implementation. Simulations were used to 
implement this control and compare it with FOC technique schemes in terms of the RT, fluctuation reduction 
ratio, and current THD. The completed comparison showed the advantage of the designed control over some 
existing techniques, making it a suitable solution. However, this strategy has certain disadvantages, such as a 
significant number of gains and high complexity, which makes it difficult to adjust the RT. Additionally, due to its 
reliance on the MM of the DSIG; it is affected in the event of a fault in the system, as indicated by robustness tests.

The use of artificial intelligence (AI) techniques such as genetic algorithms44 and particle swarm optimization45 
to determine the parameters of control strategies contributes greatly to improving the characteristics of strategies 
and systems by minimizing power fluctuations and improving the current THD. Also, significantly increasing 
the robustness of the power generation system is desirable. AI techniques were used to improve the effectiveness 
of the BC approach, and in Ref.46, optimization control was used to ameliorate the features of the nonlinear 
BC approach. The use of optimization control led to a significant augment in the efficacy of the BC approach. 
Many methods have been used to ameliorate the efficiency and robustness of the BC approach, such as FL 
techniques47, and the FL approach was used to compensate for the gains of the BC technique. The use of the FL 
approach significantly increased control robustness and competence compared to those in the classical control. 
The cons effect of using the FL approach lies in the rules, as there is no mathematical rule to determine the best 
rules or best number of rules that can be used. Moreover, using FL makes the system more computationally 
intensive, making it an undesirable solution. In Ref.48, both amended recurrent Romanovski polynomial NN 
and amended particle swarm optimization were used to overcome the cons of the BC approach. These two 
strategies are different in principle, as mended particle swarm optimization is used to establish the values of the 
gains of the BC approach and the NN approach is used to compensate for the gains; therefore, the two strategies 
are different in principle and application. The results showed the efficiency of the two strategies in improving the 
performance and efficiency of the BC approach. An NN algorithm and integral SMC approach were combined 
to defeat the cons of the BC technique49. The results showed that the BC approach performed significantly better 
after using the NN-integral SMC technique. A NN-FL technique was used to defeat the cons of BC50,51. In these 
research studies, the advantages of both the NN approach and the FL technique were combined to ameliorate the 
features of the BC approach. In Ref.52, the author used an adaptive NN algorithm to ameliorate the robustness 
of the BC technique, as the characteristics of the control were greatly improved, reflecting the efficacy of AI 
methods in ameliorating the control features, supporting the use of other strategies with high effectiveness, and 
ameliorating the features of the BC approach. Another AI approach used in Ref.53 was the adaptive FL technique, 
which was implemented to defeat the disadvantages of the BC technique. This approach was used as a suitable 
solution to defeat defects and ameliorate the performance of the studied system. However, the disadvantage of 
this approach lies in the number of rules, which increases the system weights, which is undesirable. In a research 
study54, grey wolf optimization (GWO) was used to estimate the parameters of the third-order SMC approach 
used to control DSIG powers. The latter is controlled by the indirect FOC approach, where MATLAB was used 
to realize and verify the designed control. This approach is described by complexity, difficulty of realization, a 
significant number of gains, and expensive. This approach was compared with the indirect FOC-SMC approach 
using numerous different tests, where the results showed that the approach based on the GWO algorithm has 
distinctive competence and high robustness compared to the indirect FOC-SMC approach. Also, the approach 
has a fast RT compared to the indirect FOC-SMC approach.

In this paper, DSIG is controlled using a new approach based on the use of ant lion optimizer (ALO) and 
BC approach. This proposed BC-ALO approach differs from the above-mentioned research studies in terms of 
efficacy, robustness, results, ease of realization, and cost. This proposed BC-ALO technique is used to control 
energy to get better competence and augment the robustness of the DSIG-based energy generation system. 
Therefore, the proposed BC-ALO approach is the main contribution of this paper.
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The ALO algorithm is considered one of the most recent algorithms that have appeared recently, as it is 
not used much, especially in the field of control, which makes this research study of great importance. In this 
research study, the ALO algorithm was used to determine the values of the gains of the BC approach of DSIG, 
which makes this, research study a development and modification of the BC strategy. Therefore, this completed 
research study highlights the ability of the algorithm to get better the features of the BC approach of DSIG and 
augment the quality of power and current. MATLAB was used to realize this BC-ALO technique, comparing the 
efficacy and robustness of the BC approach and some research studies. Among the objectives achieved by this 
research study are listed the following points:

•	 Overcoming the problems and flaws of the approach.
•	 Increasing the robustness of the control system.
•	 Improve current and power quality.
•	 Underestimating the current THD.
•	 Improving RT to powers.
•	 Underestimating overshoot of DSIG power.

This paper consists of seven main sections, where the second section focuses on the mathematical modeling 
of the designed system for DSIGs. In the third section, the FOC technique for DSIGs is discussed, focusing 
on its advantages and disadvantages. The BC technique for DSIGs is described in “The BC technique” section. 
“Proposed BC-ALO technique” section explains the application of the BC-ALO designed in this study to control 
a system consisting of WTs and a DSIG. “Results” section contains the simulation results and a comparison with 
other research; “Conclusions” section presents the simulation results.

Modeling of the studied system
In this section, the energy system proposed for this study to generate electrical energy from wind is discussed. 
This studied energy system is characterized by many features that make it of great importance in the energy 
field, as it provides an effective solution to overcome the problem of high energy demand and the phenomenon 
of global warming. The use of this proposed energy system allows reducing the spread of toxic gases and thus 
protects the environment from pollution. The components of the studied system include a three-bladed rotor 
with a mechanical gearbox, a DSIG, and a grid; an LC filter; and bidirectional converters that contain a rectifier 
and an inverter. The control scheme includes Ps and Qs controls, as shown in Fig. 1. The reliance of the studied 
energy system on a DSIG generator makes it a different system from traditional systems and a suitable solution 
to overcome the problem of power quality and current. As is known, DSIG has two stars. The first star acts as the 
energy winding (EW), which is directly attached to the electrical grid, and the second star control winding (CW) 
is associated with the bidirectional converters55. The Ps and Qs of the EW are determined for the proposed BC 
technique, which provides us with reliable control of the studied generator.

To study the proposed energy system, we must first address the mathematical modeling of the most prominent 
elements of this system. This mathematical modeling is necessary to embody the system in MATLAB. In the next 
subsection, the MM of the turbine is discussed with the control used to obtain the reference value for the Ps.

WT model and MPPT
To obtain electrical energy, several energy systems can be used, as these systems differ from each other in 
terms of the power source used. Recently, renewable sources have emerged as a promising solution to defeat 
the problem of rising demand for electrical energy and the problem of global warming56. Therefore, the use of 
WE as a source is considered one of the most promising solutions at present and in the future. To benefit from 
WE, turbines are used for this purpose, as these WTs are in constant development57. These WTs contribute 
significantly to protecting the environment and minimizing the costs of producing and consuming electrical 
energy. WTs harness the kinetic power present in WE to generate mechanical energy through the production 

Fig. 1.  The overall schematic structure of the DSIG-based wind turbine system controlled by BC technique.
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of torque58. This relationship between the WS and the mechanical energy output of WTs can be mathematically 
described by the following equation59:

	
Pv = 1

2 · ρ · S · V 3,� (1)

where ρ is the air density, Pv is the generate mechanical energy, and V is the wind speed.
The energy generated by the WT is related to the WS and a large extent to the size of the WT, as large WTs are 

used to get greater energy60. As is known, these WTs are used in the form of wind farms. The MPPT-PI is often 
used to control the WT, as using this approach allows the resulting energy to be related to the change in WS61.

The tip speed ratio (λ) can be defined as the ratio of the linear speed of the WT blade to the WS62.

	
λ = Ωr · R

V
,� (2)

where R is the radius blade and Ωt is the mechanical speed of turbine.
For the WS turbine variants, the following expression can be used to explain the energy factor expression.

	
Cp(λ, β) = 0.5109

(
116
λi

− 0, 4β − 5
)

e
21
λi + 0.0068λi,� (3)

where Cp is the coefficient of power and β is the pitch angle.
The mechanical energy recovered by a WT is written as63:

	
Paer = Cp

2 · ρ · S · V 3.� (4)

Knowing the WT speed, the aerodynamic torque can be directly determined by:

	
Taer = Paer

Ωturbine
= Cp(λ, β) × ρ · S · V 3 × 1

2 Ωturbine
,� (5)

where Paer is the aerodynamic power and Taer is the aerodynamic torque.
The total inertia is composed of the WT and DSIG inertia:

	
J = Jturbine

G2 + Jg,� (6)

where J is the total inertia, G is the gearbox, and Jg is the DSIG inertia.
To conclude the mechanical speed evolution from the total torque, electromagnetic torque was applied to the 

DSIG rotor. The following basic equation was applied to the dynamic system:

	
Tg − Tem = J

dΩmec

dt
+ f Ωmec,� (7)

where Tem is the electromagnetic torque, f is the friction coefficient, Tg is the DSIG torque, and Ωmec is the 
mecanique speed.

From Fig. 2, there is a specific angular frequency at which the energy output of a WT is optimal, corresponding 
to the point where Cp is maximized. To achieve the optimal energy curve (MPPT curve), all the MPPs on each 
energy curve are linked.

Figure  3 demonstrates the relationship between Cp and λ for various values of β. The optimal values of 
Cp and λ can be obtained from the same figure; we note that these values are Cp-max = 0.48 and λopt = 8.1, 
respectively, for β = 0° in this study.

The gearbox is used to adjust the rotational speed of the WT (slow shaft) and match the rotational speed of 
the DSIG (fast shaft), as shown in Fig. 4. Assuming that the gearbox is ideal (with negligible mechanical losses), 
we can model it using the following two expressions63.

In this proposed energy system, the energy gained from the wind is used to generate power. A DSIG 
generator is used to convert this energy into the current. In the next subsection, the mathematical modeling of 
this generator is discussed, highlighting its most important characteristics.

DSIG model
DSIG is considered one of the types of asynchronous machines that can be relied upon in the field of RPSs 
because of its many characteristics and features, as it is considered easy to control and highly durable. Also, they 
are low maintenance and inexpensive compared to their counterparts. Also, DSIG is a multi-phase machine that 
has greater torque and can be relied upon to increase the generated power. DSIG gives greater torque than DFIG, 
which makes it suitable in the field of RPSs, as it has two sections: the fixed section and the moving section. 
Compared to DFIG, DSIG is expensive, difficult to control, and has more weight. To give the MM of DSIG, the 
Park transform is used for this purpose. The mechanical equation for DSIG is the same as that for DFIG. The 
equations that represent the electrical part are the equations that link flow, voltage, and current, where equations 
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are given for each star. The MM of the DSIG is described in the (d, q) reference frame (voltage and flux)64 based 
on the following set of equations:

Stator 1

	




vds1 = Rs1 · ids1 + dϕds1

dt
− ωs1 · ϕqs1

vqs1 = Rs1 · iqs1 + dϕqs1

dt
+ ωs1 · ϕds1

,� (8)

Fig. 3.  Power factor as a function of rotational speed ratio.

 

Fig. 2.  Turbine power at different rotational speeds.
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where vds1 is the direct stator voltage of star 1, vqs1 is the quadrature stator voltage of star 1, ids1 is the direct stator 
current of star 1, iqs1 is the quadrature stator current of star 1, φds1 is the direct stator flux of star 1, φqs1 is the 
quadrature stator flux of star 1, and Rs1 is the stator resistance of star 1.

	

{
ϕds1 = Lm(ids2 + idr) + (Ls1 + Lm)ids1

ϕqs1 = Lm(iqs2 + iqr) + (Ls1 + Lm)iqs1
.� (9)

Stator 2

	




vds2 = Rs2 · ids2 + dϕds2

dt
− ωs2 · ϕqs2

vqs2 = Rs2 · iqs2 + dϕqs2

dt
+ ωs2 · ϕds2

,� (10)

	

{
ϕds2 = Lm(ids1 + idr) + (Ls2 + Lm)ids2

ϕqs2 = Lm(iqs1 + iqr) + (Ls2 + Lm)iqs2
,� (11)

where vds2 is the direct stator voltage of star 2, ids2 is the direct stator current of star 2, vqs2 is the quadrature 
stator voltage of star 2, iqs2 is the quadrature stator current of star 2, Rs1 is the stator resistance of star 2, φqs2 is the 
quadrature stator flux of star 2, and φds2 is the direct stator flux of star 2.

Rotor

	




vdr = dϕdr

dt
− ωr · ϕqr + Rr · idr

vqr = dϕqr

dt
+ Rr · iqr + ωr · ϕdr

� (12)

where vdr is the direct rotor voltage, idr is the direct rotor current, vqr is the quadrature rotor voltage, iqr is the 
quadrature rotor current, Rr is the rotor resistance, φqr is the quadrature rotor flux, and φdr is the direct rotor flux.

	




ϕdr = (Lr + Lm)idr + Lm(ids1 + ids2)

ϕqr = (Lr + Lm)iqr + Lm(iqs1 + iqs2)
� (13)

where Lr is the rotor inductance.
Equation (14) shows the torque.

	




vds1 = Rs1 · ids1 + dϕds1

dt
− ωs1 · ϕqs1

vqs1 = Rs1 · iqs1 + dϕqs1

dt
+ ωs1 · ϕds1

� (14)

where Rs1 is the stator resistance of star 1 and ωs is the electrical pulsation of the star 1.

Fig. 4.  Device control with speed control.
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In this work, the DSIG is operated as a generator only, providing power to the grid. In such a case, star 2 and 
star 1 have the same number of pole pairs and inherently share the same frequency. Star 2, with a pulsation value 
equal to ωs2, induces a pulsation fieldequal to g .ωs2 in the rotor. Therotor field is driven at the rotor speed, 
inducing a field in star 1 with a pulsation equal to the sum of the rotor field pulsation and the rotor speed ωr .

With:

	 ωs1 = ωs2 = ωs� (15)

where ωs2 is the electrical pulsation of the star 2.
Ps and Qs of the stator can be expressed as:

	

{P s1 = vds1ids1 + vqs1iqs1

Qs1 = vqs1ids1 − vds1iqs1

� (16)

where Ps1 is the active power of star 1 and Qs1 is the reactive power of star 1.
In the field of control, many strategies have been relied upon in the field of controlling electrical machines. 

The most prominent of these strategies is the mentioned FOC technique. This strategy relies on the use of a 
PI controller to control the characteristic quantities. In the next section, this strategy for controlling DSIG is 
discussed.

FOC technique for a DSIG
Conventionally, the FOC technique is considered one of the most famous strategies used in the past and is still 
one of the most reliable solutions to this day, as it has a fast RT. This strategy relies on the use of a PI controller, 
which gives it simplicity, few gains, and ease of achievement. This approach has two kinds: indirect and direct 
FOC strategies. The FOC technique rules are extracted from the DSIG formulations using a Park transformation 
that involves the rotating flux (d-q) and the stator flux orientation. Additionally, the stator flux is synchronized 
with the d-axis64,65.

	




ϕds1 = ϕs

ϕqs1 = 0

⇒





dϕds1

dt
= 0

ϕqs1 = 0

� (17)

The Star 1 voltage equation becomes:

	

{vds1 = Rs1 · ids1

vqs1 = Rs1 · iqs1 + ωs · ϕds1

� (18)

Assuming a stable network with a constant voltage corresponding to Vs results in a constant flux for star 1. 
Also, in case of neglecting the resistance of the star 1, the equations for the constant voltage can be expressed as 
follows:

	

{vds1 = 0

vqs1 = Vs = ωs · ϕds1

� (19)

As a result, Eqs. (12) and (13) express the rotor currents, stars 2 and 1 voltages, and star 1 energies.

	




idr = −Cids2 − CVS

ωs · Ls1

iqr = −Ciqs2

� (20)

	




ids1 =
[

Lm

(Ls1 + Lm) (C − 1)
]

ids2 + VS

ωS · (Ls1 + Lm)

[
Lm · C

Ls1
+ 1

]

iqs1 = −Ciqs2

� (21)

	





vds2 = Rsids2 + Ls

[
1 + Lm(1 − c)

(Ls + Lm)

]
dids2

dt
− ωsLs

[
Lm(1 − C)
(Ls + Lm) + 1

]
iqs2

vqs2 = Rsiqs2 + Ls

[
1 + Lm(1 − c)

(Ls + Lm)

]
diqs2

dt
− ωsLs

[
Lm(1 − C)
(Ls + Lm) + 1

]
ids2

+ LmVs(1 − c)
(Ls + Lm)

� (22)
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


P s1 = Vsiqs1 = VsLm

(Ls + Lm) (C − 1)iqs2

Qs1 =
[

VsLm

(Ls1 + Lm) (C − 1)
]

ids2 + V 2
s

ωs(Ls1 + Lm)

[
LmC

Ls1
+ 1

] � (23)

With:

	
C =

[
Ls1Lm

(Lr + Lm)(Ls1 + Lm) − L2
m

]
� (24)

The DSIG diagram in Fig. 5 is derived from the star 2 voltages (v2ds, v 2qs) and the star 1 Ps and Qs (Ps1, Qs1) values 
given by Eqs. (22) and (23), respectively.

The use of the FOC technique in the area of control is accompanied by numerous negatives, as it is greatly 
affected by the change in the DSIG parameters, and this appears through the rise in fluctuations and the value 
of current THD, which is undesirable. There are several solutions proposed in the area of control, the most 
prominent of which was the use of the DPC technique. However, the BC technique is considered one of the 
most famous of these solutions that can be relied upon due to its high robustness against changing machine 
parameters. This approach provides very satisfactory results compared to the FOC technique and some other 
controls, as was explained in the introduction section.

The BC technique
In the area of control, the BC technique is considered a nonlinear approach that has provided impressive results 
compared to linear strategies and some existing nonlinear controls such as the SMC technique. Its use allows 
for an important increase in the features of the control system, especially robustness, which makes it one of the 
best solutions that can be relied upon. The basic principle of the BC technique is to render closed-loop systems 
equivalent to first-order subsystems in cascade form, which are Lyapunov stable. This ensures robustness and 
asymptotic global stability66. However, it is significant to note that the BC technique here is based on the VC 
technique theory and is used to control the DSIG. To use the BC strategy, you must know the MM of the DSIG 
accurately. Also, this approach contains a significant number of gains, as these gains are used to adjust and 
change the RT.

In this case, reference frame (d–q) control is applied, taking into account the direction of the stator flux67:

	

{
ϕqs1 = 0

ϕds1 = ϕs = Vs

ωs

� (25)

The equations below are the currents derived for star 1 of the stator:

Fig. 5.  The DSIG model.
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


·
i

ds2
= dids2

dt
= vds2

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] − Rs

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] ids2 − ωs

C
iqs2

·
i

qs2
= diqs2

dt
= vqs2

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] − Rs

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] iqs2 + ωs

C
idr

+ Vs

Ls1
+ LmVs(1 − C)

Ls − LmC

� (26)

The following equations express the relation between the energies and currents of stars 1 and 2:

	




·
i

qs2_ref
=

·
P

s2_ref

VS

·
i

ds2_ref
=

·
Q

s2_ref

VS

� (27)

This controller can be synthesized in two steps. First, the control voltage is determined using Lyapunov functions. 
Second, the regulator is established in two steps as follows.

First step
Speed loop: e1 and e2 represent the errors between the measured variables of the currents iqs2 and ids2 and the 
reference variables iqs2_ref  and ids2_ref , which are determinated in this step as follows:

	

{
e1 = iqs2_ref − iqs2

e2 = ids2_ref − ids2
� (28)

The derivatives of Eq. (27) are:

	




·
e
1

=
·
i qs2_ref −

·
i qs2

·
e
2

=
·
i ds2_ref −

·
i ds2

� (29)

Consider the following Lyapunov candidate function:

	
v = 1

2
(
e2

1 + e2
2
)

� (30)

To force the Lyapunov function derivative to zero, the errors should be selected as follows:
·
e
1

= −k1e1 and 
·
e
2

= −k2e2.

After derivation, Eq. (30) becomes:

	
·

V1 = −k1e2
1 − k2e2

2 < 0� (31)

With: K1 > 0 and K2 > 0.
This indicates that our system is globally stable. By replacing the derivatives of the reference currents (Idrref  

and Iqrref
) with their respective values, we obtain the formulation for the derivative errors, given by:

	




·
e
1

=
·

P s2_ref

VS
− vqs2

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] + Rs

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] iqs2

− ωs

C
idr − Vs

Ls1
− LmVs(1 − C)

Ls − LmC

·
e
2

=

·
Qs2_ref

VS
− vds2

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] + Rs

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] ids2

+ ωs

C
iqs2

� (32)
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Step two
In this step, our goal is to calculate the control voltage. First, all faults are identified in star 2 for the stator current 
components and their references.

	




−k1e1 =
·

P s2_ref

VS
− vqs2

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] + Rs

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] iqs2

− ωs

C
ids2 − Vs

Ls1
− LmVs(1 − C)

Ls − LmC

−k2e2 =

·
Qs2_ref

VS
− vds2

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] + Rs

Ls

[
1 + Lm(1−C)

(Ls+Lm)

] ids2

+ ωs

C
iqs2

� (33)

Finally, the selection of the control law is as follows:

	





vqs2 =

( ·
P s2_ref

VS
+ k1e1

)
Ls

[
1 + Lm(1 − C)

(Ls + Lm)

]
+ Rsiqs2

−
(

ωs

C
ids2 + Vs

Ls1
+ LmVs(1 − C)

Ls − LmC

)
Ls

[
1 + Lm(1 − C)

(Ls + Lm)

]

vds2 =




·
Qs2_ref

VS
+ k2e2


 Ls

[
1 + Lm(1 − C)

(Ls + Lm)

]
+ Rsids2

+ ωs

C

[
1 + Lm(1 − C)

(Ls + Lm)

]
iqs2

� (34)

The parameters of the BC approach of DSIG can be calculated using the method of experimentation and 
simulation or using smart strategies, as was proposed in this research study to use the smart strategy for this 
purpose.

Using the BC approach to control the power of a DSIG creates several undesirable problems. The most 
prominent of these defects is the decrease in durability in the event of a change in the machine parameters. 
Power quality and current are among the most prominent of these defects as well. These defects can be attributed 
to the gain values of the BC approach. In the next section, an effective solution is proposed to overcome the 
drawbacks of the BC approach. This proposed solution gives satisfactory results and is characterized by high 
performance.

Proposed BC-ALO technique
In this section, the solution proposed in this paper for power control of DSIG is discussed in detail. The proposed 
solution is based on the use of the strategy detailed in section four. This proposed strategy is a modification and 
development of the BC approach of the DSIG. Using this proposed solution allows for improving power quality 
and significantly reducing the THD of current. The proposed solution is based on the use of the ALO algorithm 
to calculate the gain values of the BC approach. Therefore, the proposed approach is characterized by high 
robustness, great efficiency, and outstanding performance.

Mostly, experimentation and simulation method is used to calculate gain values. Using this strategy does not 
always give satisfactory results in terms of power quality and THD of current. To obtain satisfactory results and 
system stability, the parameters of the proposed approach to power control must have positive values. Therefore, 
to obtain outstanding performance, the parameters must be chosen correctly, as smart strategies remain the 
optimal choice. Therefore, this study proposes an approach based on the ALO technique for offline parameter 
selection in this paper. The use of the ALO strategy ensures optimal values of BC technology parameters and thus 
high quality of current and power. Figure 6 represents the proposed approach based on the ALO strategy used for 
capacity control in this paper. This figure gives a clear picture of the proposed strategy, as this proposed strategy 
is applied to one star only, and the other star is connected to the network directly without an intermediary.

Notably, the ALO technique is employed offline to determine the optimal parameter values for the BC 
technique. As shown in Fig. 6, the control performance is subject to fluctuations that depend on the tuning 
parameters (K1 and K2). These tuning parameters are based on the error of the direct stator (star 2) tow current 
component I2sd related to the Qs of the DSIG and the error of the quadrature stator (star 2) current component 
I2sq related to Ps.

This designed BC-ALO technique aims to generate VRVs based on a power error. In this designed BC-ALO 
technique, the PWM technique is used to create the necessary operating pulses for the DSIG inverter. The BC-
ALO technique is applied to both the DSIG inverter and the grid inverter, which makes the designed BC-ALO 
technique system very efficient. The MPPT technique is used to conclude the reference value of Ps, which allows 
obtaining a maximum value of power.
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As is known, the values and number of gains play a major role in obtaining a fast DR and high power quality 
for any control. Therefore, it is necessary to use a well-organized method or strategy to obtain these values. 
Several strategies can be used to determine payoff values, such as genetic algorithms, the GWO technique, and 
the particle swarm optimization approach. However, the ALO strategy is considered one of the most prominent 
strategies that can be relied upon to calculate the gains of control strategies, regardless of their degree of 
complexity. ALO is easy to use.

The ALO technique, presented in Ref.68, is a population-based optimization technique that emulates the 
hunting behavior of ant lions found in nature. Ant lions construct inverted cone-shaped pits in sand using their 
massive jaws69 to trap their prey, typically ants. The ALO approach works by representing each candidate solution 
as an ant lion, and the position of each ant lion is updated based on the fitness of its solution and its proximity to 
other ant lions. The algorithm incorporates randomization to prevent becoming trapped at local optima, enabling 
full exploration of the search space. After capturing its prey, an ant lion cleans out the pit for another hunt69. The 
ALO approach is an algorithm that differs from other approaches, such as the genetic algorithm, as this approach 
is considered new and little used. The ALO approach has several advantages, including fast convergence speed, 
high precision, ease, scalable, flexibility, and a great balance between exploration and exploitation70.

The ALO approach (Fig. 7) parameters employed in this study for tuning the BC technique parameters consist 
of 50 ant lions and a maximum of 100 iterations. Initially, the ALO is executed offline to identify the optimal 
BC parameters (K1 and K2). The first generation is stochastically generated, with a dimensionality of 2 (K1 
and K2) derived from the initial ALO approach parameters. Table 1 presents the optimal parameters for each 
iteration along with their corresponding fitness values, which are crucial for evaluating the objective function. 
Additionally, Figs. 8 and 9 illustrate the variations in the fitness function and the optimal parameters (K1 and K2) 
obtained through the ALO approach during the simulation. From Figs. 8 and 9, it is evident that the best fitness 
value achieved is evaluated to be 1.246e+06, with optimal gains of k1 = 3.7772e+03 and K2 = 4.3250e+03. These 
optimized parameters demonstrate convergence over approximately 100 iterations, highlighting the efficacy of 
the ALO approach in efficiently exploring optimal BC approach parameters.

The tuning parameters K1 and K2, as illustrated in Fig. 7, are associated with the error of the stator WC 
quadrature current component i2sq related to Ps1 and the error of the direct current component i2sd associated 
with Qs1 of the DSIG. These factors influence the variation in command performance. The controller’s efficacy 
was evaluated using two performance metrics: the ITAE (Integral time absolute error) and the ITSE (Integral 
time square error). The definitions of the ITAE and ITSE indices are as follows71:

	

IT SE =
∞∫

0

t.e(t)2dt,� (35)

	

IT AE =
∞∫

0

t. |e(t)| dt.� (36)

Fig. 6.  BC-ALO approach for DSIG-WT.
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To study the stability of the proposed approach, the Bode curve or Lyapunov’s theory can be used. Lyapunov’s 
theory is based on derivation calculations, which makes it complex and requires knowledge of the MM of the 
studied system precisely. In the case of complex systems, the use of Lyapunov’s theory becomes impossible 
due to the presence of large calculations. However, the Bode curve is considered one of the most prominent 
methods that can be relied upon to prove the stability of any control strategy. Compared to Lyapunov’s theory, 

Iteration no. Optimal parameters Fitness values

1
K1(1, 1) = 3.0635 e+003

1.290e+006
K2 (1, 2) = 7.7103 e+003

15
K1(15, 1) = 6.5325 e+003

1.281e+006
K2 (15, 2) = 7.3842 e+003

20
K1(20, 1) = 4.0796 e+003

1.271e+006
K2 (20, 2) = 4.4009 e+003

30
K1(30, 1) = 3.7174 e+003

1.265e+006
K2 (30, 2) = 3.9126 e+003

50
K1(50, 1) = 4.0349 e+003

1.260e+006
K2 (50, 2) = 4.1494 e+003

80
K1(80, 1) = 3.8794 e+003

1.251e+006
K2 (80, 2) = 4.3508 e+003

100
K1(100, 1) = 3.7772 e+003

1.246e+006
K2 (100, 2) = 4.3250 e+003

Table 1.  Fitness value of each ALO technique.

 

Fig. 7.  Pseudo-code of the BC-ALO for the DSIG.
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the Bode curve is a method that does not require complex calculations, as MATLAB is relied upon to extract the 
Bode curve. Therefore, the Bode curve method is a graphical method. Using the Bode curve does not require 
knowledge of the MM of the carefully studied system, which makes it easy and quick to prove the stability of 
control systems.

Due to the ease of using the Bode curve, it was relied upon in this paper to prove the stability of the BC-ALO 
approach of DSIG. Figure 10 represents the Bode curve for the two controllers used in this paper. Using the Bode 
curve, phase (deg) and Magnitude (dB) are extracted for two controls. Using these two values, the stability of the 
proposed approach can be proven. From Fig. 10, it is noted that the two approaches have almost the same shape 
as the Bode curve change, with the proposed approach having an advantage over the traditional BC approach. 
Also, it is noted that the values of both Phase (deg) and Magnitude (dB) take negative values in the case of the 
two controls. The phase value changes from 0 to -90 degrees for two controls, and the Magnitude (dB) value 
changes from − 5 to − 40 dB for the traditional control. In the case of the proposed control, the Magnitude (dB) 
value changes from − 7 to − 40 dB. Table 2 represents numerical values extracted from the Bode curve for two 
controls.

The comparative analysis of the traditional BC technique and BC-ALO approach reveals significant 
enhancements in both stability margins and DR. The gain margin improved by 40.23%, increasing from 15.30 
to 25.60 dB, indicating a substantially higher tolerance to gain variations before instability. Concurrently, the 

Fig. 9.  Variations in the optimal parameters during simulation.

 

Fig. 8.  Fitness function variation during simulation.
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phase margin exhibited a 30.21% improvement, rising from 45.50 to 65.20 deg, which underscores the optimized 
system’s robustness against phase delays and transient oscillations. The crossover frequency shifted from 3.8 to 
5.2 rad/s, reflecting a faster DR while maintaining closed-loop stability. Moreover, the resonance peak value was 
estimated at 3.5 dB and 1.8 dB for both the conventional BC strategy and the proposed approach, respectively. 
These values indicate that the proposed approach reduces the value of the resonance peak significantly 
compared to the traditional BC approach. This reduction was estimated at 48.57%. This percentage indicates 
the effectiveness of the proposed approach in reducing the severity of the resonance peak, which is positive. 
These improvements are attributed to the ALO algorithm’s ability to refine control parameters, achieving an 
optimal trade-off between stability and performance. The results conclusively validate the superiority of the BC-
ALO approach in enhancing system robustness and dynamic precision for applications requiring high reliability 
under parametric uncertainties and external disturbances.

Results
To verify the validity, efficiency, and performance of the approach proposed in this paper, the MATLAB 
environment is used. In this work, a DSIG with a capacity of 1.5 MW was used. Also, two different wind speed 
profiles were used to study the effectiveness of the designed approach in improving power quality and reducing 
the THD of current. The results of the proposed approach are compared with the BC strategy. The turbine 
parameters used in this work are as follows: Gearbox = 90, hub height = 85 m, number of blades = 3, radius of 
the blades = 60, and friction coefficient = 0.24. On the other hand, the generator parameters used in this paper 
are as follows: J = 30 kg m2, f = 2.5 N m s/rd, Pn = 1.5 MW, V = 400 V, fs = 50 Hz, number of pole pairs = 2, rotor 
resistance = 0.007 Ω, stator resistance = r1 = r2 = 0.008 Ω, Lr = 0.067 mH, and L1 = L2 = 0.134 mH.

In the next subsection, a variable wind speed is used to test the efficiency and effectiveness of the proposed 
approach compared to the BC approach. The necessary numerical values and graphical results are extracted to 
compare the results and show the superiority of the designed approach in improving the system features.

Criterion BC BC-ALO Ratios (%)

Gain margin (dB) 15.30 25.60 40.23

Phase margin (deg) 45.50 65.20 30.21

Crossover frequency (rad/s) 3.8 5.2 rad/s 26.92

Resonance peak (dB) 3.5 dB 1.8 dB 48.57

Table 2.  Budd curve characteristics for two controllers.

 

Fig. 10.  Bode curve for two controllers.
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First test
In this test, a variable WS is used to test the behavior of the proposed approach. Figures 11 and 12 depict the 
simulation results of two control techniques, the BC technique, and the BC-ALO approach, applied to a tracer 
scenario involving Ps and Qs, along with their references. The simulations were conducted using the MPPT 
and unity power factor under fluctuating WSs. The suggested BC-ALO technique shows impressive reference 
tracking ability and notably reduces Ps and Qs ripples in the first-star stator compared to the BC technique, 
which lacks an optimization algorithm.

The change in Ps follows a change in WS. As the WS increases, the value of Ps increases, and vice versa. 
However, the Qs do not change according to the change in WS, as its value remains constant and equal to zero.

In Fig. 13, the DC bus link for the two approaches is shown. This tension follows the reference well, as it takes 
a value of 1130 V for both controls, with an exceedance of the limit value in the case of using the BC technique. 
Also, the BC-ALO technique provided a better RT than the BC technique for the DC bus link, which is a good 
thing. Moreover, as illustrated in Fig. 13, WS fluctuations have a distinct effect on the voltage of the DC bus 
link. This impact is particularly pronounced in the BC strategy, where multiple distortions and harmonics are 
observed, in contrast to the optimized BC-ALO approach. Consequently, it can be inferred that the proposed 
system operates with enhanced precision and stability, leading to improved overall system efficiency.

The current THD in this test for the control scheme is represented in Fig.  14a,b notably; the THD was 
1.46% and 1.03% for both the BC approach and the BC-ALO technique, respectively. Therefore, the BC-ALO 
technique significantly minimized the THD, and the minimization ratio was estimated at 29.45%, indicating that 
the current quality is better in the case of the designed BC-ALO approach than in the BC technique. Moreover, 
the amplitude of the fundamental signal (FS) was 1283 A for the BC technique and 1292 A for the proposed 

Fig. 12.  Reactive power of a generator in the case of two approaches (First test).

 

Fig. 11.  Active power of a generator in the case of two techniques (First test).
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BC-ALO technique. The proposed BC-ALO technique gave greater amplitude to the FS (50 Hz) than the BC 
technique, as this augment was estimated at a rate of 0.69%. Accordingly, the BC-ALO technique has a greater 
scope than the BC technique because this feature is highly important and makes the BC-ALO technique superior 
for improving the features of power systems and overcoming the defects and cons of conventional techniques.

Based on the data in Table 3, it can be concluded that the BC-ALO approach outperforms the BC technique 
in terms of RT and the absence of static error, showing a small overshoot of the DC bus voltage. These numerical 
values indicate the advantage of the BC-ALO technique over the BC technique, making it an appropriate 

Control performance

BC
K1 = 8.32e+003
K2 = 8.32e+003

BC-ALO
K1 = 3.32721e+003
K2 = 4.72501e+003 Ratios (%)

Ps

ITSE 2.324e+008 2.132e+008 8.26

ITAE 1.452e+004 8645 40.46

Overshoot 2.3265 Negligible 100

RT (ms) 1.66 1.65 0.60

Qs (VAR)
Overshoot 5.3265 Negligible 100

RT (ms) 58.46 1.37 97.65

Vdc ripples (V) 3.06845 1.1256 63.31

THD (%) 1.46 1.03 29.45

Table 3.  BC technique performance for a DSIG without and with ALO technique.

 

Fig. 14.  THD of the current GRID (is1g) in the first test: (a) BC and (b) BC-ALO.

 

Fig. 13.  DC link voltage of the DSIG.
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solution in the future in the area of control. The advantage of this strategy is confirmed in the second test in 
terms of changing the DSIG parameters. In the next section, the extent to which this BC-ALO technique is 
affected by changing DSIG parameters compared to the BC technique is assessed. Based on the numerical values 
presented in Table 3, the BC-ALO approach provided numerical values for overshoot of Qs, Vdc ripples, RT of 
Ps, and ITAE and ITSE of Ps that are much lower than the BC technique, which indicates the advantage of this 
approach in improving the features of the control system. The BC-ALO technique minimized the value of the 
voltage line ripples compared to the BC technique by an estimated percentage of 63.31%. Also, the overshoot of 
Qs compared to the BC technique has been reduced by 100%. The RT for Qs was 58.46 ms and 1.37 ms for both 
the BC technique and the proposed BC-ALO technique, respectively. From these values, the BC-ALO technique 
provided a much lower RT than the BC technique, as this reduction was estimated at 97.65%.

The proposed BC-ALO technique reduced the values of ITSE, overshoot, ITAE, and RT of Ps by percentages 
estimated at 8.26%, 100%, 40.46%, and 0.60% compared to the BC technique. These calculated ratios make the 
BC-ALO technique a promising solution in the area of control and highlight the importance of using the ALO 
strategy in the area of control.

Second test
A robustness test was performed, and it involved modifying the rotor resistance Rr and the stator inductances 
Ls of the DSIG. Despite regulators theoretically guaranteeing fixed values, these parameters can fluctuate due 
to various physical phenomena. Figures 15, 16 and 17 depict the variations in Ps and Qs and the DC bus link 
voltage of the DSIG, respectively, when the rotor resistance Rr and stator inductances are adjusted by 100% at 1 s.

Fig. 16.  Reactive power with parameter variations based on two presented control schemes.

 

Fig. 15.  Active power of a generator in the case of two strategies (Second test).
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Remarkably, these parameter changes have little impact on DSIG performance due to the compensatory 
effects of the BC-ALO controllers. These controllers ensure accurate reference tracking and maintain stability 
even in the face of parameter fluctuations. In contrast, conventional unoptimized control techniques exhibit 
deficiencies in precise reference tracking, thereby inducing distortions and harmonics.

Ps changes according to the variations in WS, and Qs are not affected by the WS and remain constant and 
equal to 0 VAR. The DC link voltage is fixed despite the changes in the DSIG parameters and WS, with a value of 
1130 V. Moreover, the ripples of both DC link voltages, Ps and Qs, are lower when using the BC-ALO technique 
than when using the BC strategy.

The current THD in this test of the control scheme is represented in Fig.  18a,b. The THDs for the BC 
technique and BC-ALO approach are 2.26% and 1.12%, respectively. Compared with the BC technique, the 
BC-ALO strategy notably decreases the THD by 50.44%, indicating enhanced current quality. Additionally, the 
BC-ALO approach provides a larger amplitude for the FS (50 Hz) than the amplitude provided by the traditional 
approach, as the amplitudes are estimated at 1286 A and 1290 A for the BC approach and BC-ALO technique, 
respectively. The BC-ALO technique excels in increasing the ranges of properties for the power system, providing 
a promising solution to defeat the cons of the BC technique.

The numerical results of this test are listed in Table 4. Based on the data presented in Table 4, the BC-ALO 
technique gave better numerical values than the BC technique despite the change in system parameters in terms 
of RT and the values of overshoot, ITAE, and ITSE of Ps. Also, in terms of the values of both DC bus voltage ripples 

Fig. 18.  THD of the current grid (is1g) in the test 2: (a) BC and (b) BC-ALO.

 

Fig. 17.  DC link voltage of the DSIG (Second test).
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and Qs overshoot. Accordingly, the BC-ALO technique reduced the values of RT, overshoot, ITSE, and ITAE of 
Ps by percentages estimated at 53.44%, 100%, 28.66%, and 16.08%, respectively, compared to the BC technique. 
The overshoot value of Qs was also reduced by an estimated 100% compared to the BC technique. The RT for 
Qs was 98.46 ms and 2.18 ms for both the BC technique and the BC-ALO technique, respectively. Accordingly, 
the BC-ALO technique significantly reduced the RT of Qs compared to the BC strategy, as this minimization 
was estimated at 97.78%. The DC link voltage ripples were 7.06845 V and 2.0256 V for the BC technique and 
the BC-ALO technique, respectively. These values indicate that the DC link voltage fluctuations are lower when 
using the BC-ALO technique compared to the BC technique. So, the suggested BC-ALO technique reduced the 
DC link voltage ripples by an estimated 71.38% compared to the BC technique. So these percentages show the 
advantage of the BC-ALO technique and the extent of its high ability to improve the system features despite 
changing parameters, which is a good thing.

Using the numerical results of the two tests in terms of the amplitude of the FS (50 Hz) and the THD, the 
changes in these two values and the extent of their influence in the two tests are studied, as shown in Table 5. 
Table 5 shows that the THD augmented significantly in the second test compared to that in the first test, which 
indicates that the THD is affected by changes in the DSIG parameters, and this increase was greater in the case 
of the BC approach than for the BC-ALO approach. This effect was estimated at 35.39% and 8.03% for the BC 
approach and BC-ALO approach, respectively. Therefore, the BC-ALO approach is less affected in terms of the 
THD by changing the DSIG parameters; consequently, the current quality is better if the BC-ALO approach 
is used than if the BC approach is used. In Table 5, the change in the amplitude of the FS (50 Hz) for the two 
control schemes is presented. It is noted that this amplitude was affected by the changes in DSIG parameters, and 
the values changed in the second test compared to those in the first test. With the BC approach, the amplitude 
augmented in the second test compared to that in the first test, and this augment was estimated to be 0.23%. 
With the BC-ALO strategy, the amplitude decreased in the second test compared to that in the first test, and 
this decrease was estimated to be 0.15%. Therefore, the amplitude and THD were affected by changes in the 
DSIG parameters, and this effect was less pronounced when the BC-ALO strategy was used than when the BC 
approach was used.

Third test
In this test, the efficiency of the BC-ALO approach is studied using another form of WS change, as the form of 
WS change used differs from the form used in the first test. In this test, the efficacy, robustness, and efficiency of 
the BC-ALO approach are studied compared to the BC approach using the WS in steps, where the shape of the 
change in this speed is represented in Fig. 19.

The results of this test are represented in Figs. 20, 21, 22, 23 and 24. In Table 6 the numerical results of this 
test are listed.

Techniques

BC BC-ALO

THD of the current

First test 1.46 1.03

Second test 2.26 1.12

Second test–first test 0.80 0.09

Ratios 35.39% 8.03%

Amplitude of the FS of the current (A)

First test 1283 1292

Second test 1286 1290

Second test–first test 3  − 2

Ratios 0.23%  − 0.15%

Table 5.  Changes in the THD and amplitude of the FS during the first and second tests.

 

Control performances

BC
K1 = 8.32e + 003
K2 = 8.32e + 003

BC-ALO
K1 = 3.26341e + 003
K2 = 3.93206e + 003 Ratios (%)

Ps (W)

ITSE 2.624e + 008 2.202e + 008 16.08

ITAE 1.352e + 004 9645 28.66

Overshoot 2.7313 Negligible 100

Response (ms) 4.36 2.03 53.44

Qs (VAR)
Overshoot 9.5228 Negligible 100

Response (ms) 98.46 2.18 97.78

Vdc ripples 7.06845 2.0256 71.38

THD (%) 2.62 1.12 57.25

Table 4.  Performance of both techniques (second test).
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Figure 20 represents the change in the speed of the DSIG as a function of time, as the change in this speed is 
the same as the change in the WS for the two controls. It is noted that there is an exceedance of the limit value 
of speed, and this exceedance is large in the case of using the BC approach compared to the BC-ALO approach. 
Also, the speed of the DSIG is greater when the WS is greater and vice versa, wherein the time ranges from 4 to 
6 s the speeds of the DSIG take their largest value.

In Fig. 21, the change in Ps of the two approaches is shown. This power changes according to the change in 
WS, as it decreases and increases with a reduction and augment in the value of the WS. The value of Ps follows 
the WS as a result of using the MPPT approach to determine the reference value for this power. This power takes 
negative values for both controls in the presence of fluctuations, as these fluctuations are less if the designed BC-
ALO approach is used compared to the BC approach. Also, it is noted that there is an exceedance of the limit 
value of Ps, and this exceedance is large in the case of using the BC approach compared to the BC-ALO approach.

The Qs of the two controllers are represented in Fig.  22. This energy does not change depending on the 
change in WS, as it takes a fixed value throughout the simulation period. The Qs take the value 0 VAR as a result 
of using the MPPT approach, as it is observed that there are fluctuations at the level of this energy for the two 
controllers. These fluctuations are larger when using the BC approach compared to the BC-ALO approach.

The DC bus voltage for the two techniques is represented in Fig. 23. From this figure, it is noted that the 
measured value follows the reference well and the value of the DC bus voltage is constant throughout the 
simulation period and takes the value 1130 V with the presence of fluctuations. Also, the change in DC bus 
voltage is not affected by the change in WS of the two strategies. DC bus voltage ripples are large when using the 

Fig. 20.  The shape of the generator speed change in the case of two controls (Third test).

 

Fig. 19.  Steps WS profile.
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BC approach compared to the BC-ALO approach, which is a good thing that shows the extent of the designed 
strategy’s ability to reduce DC bus voltage ripples.

In Fig. 24, the value of THD and amplitude of FS (50 Hz) current for both techniques is given. Through this 
form, the value of THD was 1.98% and 3.48% for both the designed BC-ALO strategy and the BC approach, 
respectively. So, the designed BC-ALO strategy significantly minimized the value of THD compared to the BC 
approach, which is a positive thing that shows the extent of the ability of the BC-ALO approach to get better 
the current quality compared to the BC technique. Therefore, the BC-ALO approach reduced the THD by an 
estimated 43.10% compared to the BC strategy, as this high percentage shows the high efficiency of the BC-ALO 
approach. Also, it is noted that the amplitude of the FS (50 Hz) for the two controls was equal, which is positive. 
The value of this amplitude was 1279 A for the two approaches. Therefore, the current quality in this test is high 
if the BC-ALO approach is used compared to the BC strategy.

The numerical results of this test are represented in Table 6, where it is noted that the BC-ALO approach 
gave lower values for overshoot, ITAE, and ITSE of Ps compared to the BC technique. Therefore, the BC-

Fig. 22.  Active power of the DSIG in the case of two methods (Third test).

 

Fig. 21.  Active power of a generator in the case of two methods (Third test).
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Control 
performances

BC
K1 = 7.2842e+003
K2 = 7.382e+003

BC-ALO
K1 = 5.73261e+003
K2 = 5.10009e+003 Ratios (%)

Ps(W)

ITSE 4.315e+008 2.728e+008 36.77

ITAE 3.215e+004 1.021e+004 68.24

Overshoot 2.7313 Negligible 100

RT (ms) 6.13 3.01 50.89

Qs
Overshoot 10.3138 Negligible 100

RT (ms) 128.42 6.18 95.23

Vdc ripples 11.1546 3.1348 71.89

THD (%) 3.48 1.98 43.10

Table 6.  Performance of both techniques (Third test).

 

Fig. 24.  THD of the current grid (is1g) in the third test: (a) BC and (b) BC-ALO.

 

Fig. 23.  DC bus voltage of the DSIG (Third test).
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ALO technique reduced the values of overshoot, ITAE, and ITSE by ratios estimated at 100%, 68.24%, and 
36.77%, respectively, compared to the BC technique. Also, the BC-ALO technique provided a satisfactory Ps RT 
compared to the BC technique. The value of this time was 6.13 ms and 3.01 ms for both the BC technique and 
the BC-ALO technique, respectively. So, the BC-ALO technique reduced the RT of the Ps by an estimated rate of 
50.89%, which shows the advantage of the BC-ALO approach in terms of dynamic performance.

The overshoot value for the Qs was 10.3138 VAR and negligible for both the BC approach and the BC-ALO 
approach, respectively. Through these values, the BC-ALO approach gave an overshoot value much lower than 
the BC approach, as the overshoot value was minimized by an estimated ratio of 100%. This high percentage 
shows the high performance of this designed BC-ALO approach. The RT of the Qs in the case of using the BC-
ALO approach was 6.18 ms, and in the case of the BC approach, its value was estimated at 128.42 ms. So, from 
these values, it is noted that the BC-ALO approach provided a very small amount of time compared to the BC 
approach, as this reduction was estimated at a percentage of 95.23%. This ratio shows that the BC-ALO approach 
has a very fast DR compared to the BC approach. This percentage also shows the efficacy of using the ALO 
algorithm in improving the features of the studied system.

The BC-ALO approach reduced the Vdc ripples compared to the BC approach, as the value of the ripples was 
11.1546 V and 3.1348 V for both the BC technique and the BC-ALO approach, respectively. Accordingly, the 
BC-ALO approach minimized these ripples by an estimated rate of 71.89% compared to the BC approach.

In Table 7, the change in the value of current THD and the value of the amplitude of the FS (50 Hz) between 
the first and third tests is studied. This table gives the extent to which the value of THD and the amplitude value 
of the FS (50 Hz) changes with the change in the shape of the WS. From this table, it is noted that the value 
of both the FS amplitude (50 Hz) and the THD has changed in the third test compared to the first test for the 
two strategies, where an augment in both values is observed. In the case of the THD value, this augment was 
estimated at 58.04% and 47.97% for both the BC approach and the BC-ALO approach, respectively. Therefore, 
the BC-ALO strategy provided a lower rate of increase than the BC approach, which shows that the THD value 
was more affected when using the BC approach compared to the BC-ALO approach, which enables us to say 
that the BC-ALO approach is highly efficient in ameliorating the current quality compared to the BC approach. 
The value of the amplitude of the FS (50 Hz) is significantly affected by the change in the shape of the WS, as this 
effect appears in the augment in the value of this amplitude in the third test for the two controls. This augment 
was estimated at 0.31% and 1.01% for both the BC approach and BC-ALO approach, respectively. Accordingly, 
the BC-ALO approach provided the highest percentage, which indicates the extent of its ability to improve the 
amplitude value of the FS (50 Hz) compared to the BC approach.

In Table 8, a comparison with other research studies is made in terms of the current THD. This table provides 
a clear image of the advantage of the BC-ALO approach over other techniques, which is a positive finding that 
indicates its distinguished performance in terms of enhancing the current quality. Notably, the results in this 
table suggest that the BC-ALO approach can be used in the future in the area of control.

Conclusions
In this work, a suitable and effective solution is proposed to improve the power quality and robustness of the 
control system based on the use of DSIG. The proposed solution depends on improving the performance and 
effectiveness of the backstepping control strategy using the ALO algorithm. The proposed solution is characterized 
by high performance, ease of application, and great robustness. In addition to using improved backstepping 
control, the PWM strategy was used to control the operation of the system’s inverters. The parameters of the 
proposed approach were calculated using the ALO algorithm. The proposed approach was compared with the 
traditional strategy in terms of power quality, THD value of current, overshoot, steady-state error, and response 
time. Also, the proposed approach was compared with related works in terms of the THD of current value. In 
this work, MATLAB was relied upon to implement the proposed approach, where two different forms of wind 
speed were used to prove the effectiveness and strength of this proposed approach. The results show that the 
proposed technique provides graphical and numerical results compared to the conventional technique, as it 
provided good numerical results in terms of the values of ITSE, ITAE, response time, overshoot, and DC link 
voltage ripples. Results in all tests show that the proposed technique minimized the THD value by percentages 
estimated at 43.10%, 57.25%, and 29.45% compared to the conventional technique. Additionally, the DC link 
voltage ripples were reduced compared to the conventional technique by 71.89%, 71.38%, and 63.31% in all 

Techniques

BC BC-ALO

THD of the current (A)

First test 1.46 1.03

Third test 3.48 1.98

Third test–First test 2.02 0.95

Ratios 58.04% 47.97%

Amplitude of the FS of the current (A)

First test 1283 1292

Third test 1279 1279

Third test–First test 4 13

Ratios 0.31% 1.01%

Table 7.  Changes in the THD and amplitude of the FS (50 Hz) during the first and third tests.
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tests. Compared to the conventional strategy, the proposed approach reduced the response time to active power 
compared to the conventional technique by approximately 50.89%, 53.44%, and 0.60% in all tests. Also, the 
response time for reactive power was reduced by 95.23%, 97.78%, and 97.65% in all tests performed. These 
results prove that the proposed technique significantly increases the strength and robustness of the DSIG-based 
wind turbine system compared to using the conventional technique.

In this work, simulation was relied upon only to highlight the performance and effectiveness of the proposed 
approach due to the lack of necessary equipment. This challenge will be addressed in other works in the future. In 
addition, the lack of relevant work related to the DSIG-type generator is considered one of the most prominent 
challenges that this work faced in comparing the results. Also, this system relied only on power generation 
while increasing the power quality. The energy storage system was not addressed, which creates the problem or 
challenge of energy surplus in this work. Therefore, in future work, this work will be attempted experimentally 
using real tools and a storage system. Also, another control proposal is characterized by high performance and 
great durability, with a focus on simplicity and ease of implementation to control powers.

Data availability
Data available on request from the authors. The datasets used and/or analysed during the current study available 
from the corresponding author on reasonable request. In the event of communication, the third author (Habib 
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