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Given the greater penetration of wind power, the impact of wind generators on grid electricity reliability imposes additional requirements. One of the most common technologies in wind power generating schemes is the permanent magnet synchronous generator (PMSG) converter. However, the controller calculation is difficult due to the nonlinear dynamical and time-varying characteristics of this type of conversion system. This study develops a unique intelligent controller approach based on the passivity notion that tracks velocity and maintains it functioning at the optimum torque. To address the robustness issues encountered by traditional generator-side converter (MSC) strategies such as proportional-integral (PI), this suggested scheme integrates a passivity-based procedure with a fuzzy logic control (FLC) methodology for a PMSG-based wind power converter. The suggested controller is distinguished by the fact that the nonlinear features are compensated in a damped manner rather than canceled. To achieve the required dynamic, the fuzzy controller is used, which ensures quick convergence and global stability of the closed loop system. The development of the maximum power collected, the lowered fixed gains, and the real-time application of the control method are the primary contributions and novelties. The primary objectives of this project are to manage DC voltage and attain adequate reactive power levels in order to provide dependable and efficient electricity to the grid. The proposed scheme is being used to regulate the MSC, while the grid-side employs a traditional proportional-integral method. The efficiency of the suggested technique is investigated numerically using MATLAB/Simulink software. Furthermore, the processor-in-the-loop (PIL) tests are carried out to demonstrate that the suggested regulator is practically implementable.
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INTRODUCTION
Sustainable energy source innovations are turning into an expanding option to address the issues of environmental change. One of the most promising types of renewable energy is wind energy. Wind power has been in full industrial growth for some years. Indeed, it has several advantages: first and foremost, it is a non-polluting renewable energy source that helps to improve air quality and the reduction of greenhouse gas emissions. It is also a form of energy that makes use of domestic resources and so helps to energy independence and supply security, its high-power density, and a high potential for electricity generation (Soliman et al., 2021). The role of a wind turbine is to convert the kinetic energy of the wind into electrical energy. Its various elements are designed to maximize this energy conversion. There are several technologies that are used to capture the energy of the wind (vertical axis or horizontal axis), and also, different configurations of a wind turbine system (fixed speed and variable speed). Therefore, wind turbines are considered with variable power generators, connected to the electrical grid. The amount of energy recovered by variable speed wind energy conversion systems (VS-WECS) depends on the accuracy of the maximum power point tracking (MPPT) search and also on the type of generator used. The associated power conversion chains often use a PMSG (Soliman et al., 2021), (Mohammadi et al., 2019). This type of machine allows making it possible to get rid of the problem of the excitation current supply, which is difficult to manage in a conventional synchronous machine (Mohammadi et al., 2019). However, due to unknown modeling inaccuracy, dynamic characteristics, and non-linearities, control system computation for the PMSG remains a difficult task (Wang and Wang, 2020). In the literature, there has been several research studies related to the nonlinear control of PMSG. In the study by Saidi et al. (2019), a tip-speed ratio technique associated with an integral backstepping controller is suggested. A mechanical sensorless control strategy-based nonlinear observer is proposed (Fantino et al., 2016). In the work of Zargham and Mazinan (2019), a super-twisting sliding mode controller is designed. A new direct torque of a fault-tolerant direct-driven PMSG controller is developed (Jlassi and Cardoso, 2019). To achieve direct power control, an optimal voltage vector-based modulated model predictive control is developed in Bigarelli et al. (2020). Further, in the study by Haq et al. (2020), a maximum power extraction-based feed-forward neural network and generalized global sliding mode controller are investigated. Meanwhile, an autonomous PMSG-based wind conversion system is controlled by using a cascade neural networks algorithm (Chandrasekaran et al., 2020). More recently, a nonlinear model predictive control with the fuzzy regulator is proposed in Song et al. (2022a), for the optimization of the energy capture and torque fluctuation of wind turbines. In the study by Song et al. (2022b), a stochastic model predictive yaw control strategy based on intelligent scenario generation is proposed to improve the energy capture efficiency of wind energy converters. A chaos-opposition-enhanced slime mould algorithm to minimize energy cost for the wind turbines on high-altitude sites is developed in Rizk-Allah et al. (2022), the proposed model is established based on rotor radius, rated power, and hub height needed to achieve an optimal design model. However, as stated in Yang et al. (2013), most of such controls are dependent on signals and therefore do not consider the structural properties of the PMSG when building the regulator.
The present article investigates a new control approach based on the passivity notion, a new fuzzy passivity-based control (PBC) to design an optimal controller for the PMSG, which tracks speed and maintains it functioning at the optimal torque. Inherent advantages of the PBC method are that the nonlinear terms are adjusted in a damped manner rather than being eliminated that the assured stability, as well as the promised robustness qualities (Nicklasson et al., 1994), (Belkhier et al., 2022). The study’s major goal is to highlight a hybrid control method for VS-WECS, to enable efficient power integration to the grid and increase the PMSG operational speed.
Several techniques have been reported in the literature based on the passivity control method to improve the performance of the PMSG and increase the efficiency of wind energy conversion systems. A sliding mode strategy (SMC) associated with PBC is adopted in Yang et al. (2018a). However, as the authors point out, the provided coupled PBC-SMC controlling employs over six fixed gains, making it hard to find their ideal settings. A passivity-based linear feedback current control approach is developed for a PMSG in Belkhier and Achour (2020a), where the authors proposed PBC with an orientation of the flux, where the desired current is computed by a PI controller. However, the use of the PI implies fixed gains, which brings a significant sensitivity to disturbances that can affect the functioning of the system. In Subramaniam and Joo (2019), a PBC-SMC and fuzzy controller is proposed. However, the suggested combined strategy’s controller design is complex due to mathematical constraints; passivity-based linear feedback control is explored in Yang et al. (2018b). However, nonlinear properties and the robustness due to parameter changes of the PMSG have not been evaluated. In Belkhier and Achour (2020b), a passivity-based backstepping is proposed. However, due to mathematical limitations, the controller design of the proposed combination method is complicated.
As it was mentioned before, several aspects were neglected by the works carried out. In order to make more improvements and contributions to what was performed. The present work is split into two sections. First, a fuzzy-PBC system is used to ensure that the PMSG receives continuous power from the wind source, increase the PMSG operational speed, and rectify non-linearities, external disturbances, and parametric fluctuations in the PMSG. The second is devoted to applying the classical PI control to regulating the grid-side power and voltage. A special focus is given to the control of the PMSG, by synthesizing the new suggested control scheme while considering the complete dynamic of the PMSG. In addition, the resilience over parameter variations has received considerable consideration. Also, experimental testing of the investigated strategy is conducted using a DSP card, and the results show clearly that the present system is applicable practically.
The contribution and novelty of the present article are summarized as follows:
• A novel control technique based on hybrid fuzzy-PBC for optimum efficiency of the PMSG is presented to ensure a quick convergence of the locked system and energy extraction.
• By simulating the unstructured dynamics of the PMSG, the fuzzy manager is employed for gain adjustment, which meets the requirements produced by incorrect variables to calculate the appropriate dynamics and considerably enhances the resilience of the system.
• Numerous numerical studies are conducted to show how resilient the suggested technique is to parameter changes and outside disruptions. In addition, analytical proof of the closed-stability loop’s and exponential convergence has been provided.
• The novelty of the proposed control lies in its structure, which is really very simple and contains only one fixed gain, which is the damping gain of the control, which makes it particularly robust and increases resilience and global stability, as demonstrated in the results section.
• Experimental validation of the proposed control schemes is conducted using processor-in-the loop (PIL) and the results show clearly that the present system is applicable practically.
The current article is arranged in the following manner: Introduction establishes the system description. The proposed strategy calculation is discussed in Introduction. Concerning Introduction, grid-side converter (GSC) voltage and management is presented. In Introduction, simulation experimental results are exposed. Finally, Introduction finishes with the main findings and recommendations for future research.
SYSTEM DESCRIPTION
Figure 1 shows the setup of the MATLAB/Simulink-based wind energy converter, which includes a wind turbine, PMSG, AC-DC-AC converter, and main electrical network.
[image: Figure 1]FIGURE 1 | Wind power system.
Wind power
The wind energy converter model is represented as follows (Fantino et al., 2016; Belkhier et al., 2020):
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where [image: image] depicts the wind power captured, [image: image] is the wind turbine output torque, A depicts the blades’ area, [image: image] is fluid density, [image: image] is speed ratio, [image: image] denotes the wind speed, [image: image] depicts pitch angle, [image: image] depicts turbine speed, R is the blades’ radius, and [image: image] is power coefficient.
Permanent magnet synchronous generator modeling
The PMSG modeling according to αβ-frame is needed to design the proposed technique, which is formulated as (Soliman et al., 2021; Belkhier et al., 2022):
[image: image]
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where [image: image] denotes the pair pole numbers, [image: image] represents the moment of the inertia, [image: image] indicates the current, [image: image] indicates electromagnetic torque, [image: image] indicates induction’s stator, [image: image] indicates viscosity parameter, [image: image] indicates electrical angular, [image: image] indicates stator’s voltage, [image: image] indicates the resistance, [image: image] indicates linkages’ flux, and [image: image] indicates motor speed.
PROPOSED CONTROLLER COMPUTATION
Several stages must be validated in order to build the developed technique: at first, the passivity attribute of the PMSG model must be demonstrated so that the suggested approach may be used. Second, the PMSG must be broken down into two passive subsystems with negative feedback. Finally, in order to construct a controller with a simple structure, the non-dissipative variables in the PMSG model must be formulated. Figure 2 depicts the explored strategy computing process, which has two distinct components: the first phase consists in designing the reference current using the computed electromagnetic torque and the high order sliding mode control (HSMC) technique, and the needed current is subsequently calculated using the required torque. In the second portion, the controller law is computed using the created method-based HSMC.
[image: Figure 2]FIGURE 2 | Schematic of the proposed controller.
PMSG αβ-model interconnected subsystems decomposition
From Eq. 6, the following relationship is formulated:
[image: image]
From Eqs 7, 8, the following relationship is formulated:
[image: image]
According to (9) and (10) the upcoming lemma is yield:
Lemma 1: according to the aforementioned conditions, the PMSG in the dq-model can be decomposed into feedback interconnected two passive subsystems, electrical subsystem [image: image] and mechanical subsystem [image: image].
Proof: from (9), the following PMSG total energy [image: image] is given as:
[image: image]
The time derivative of [image: image] along (6), yields:
[image: image]
Integrating on both sides of (12) along [image: image], gives:
[image: image]
Here, [image: image] and [image: image] indicate stored energy initially. By Increasing Eq. 13, the following inequality dissipation is formulated:
[image: image]
where [image: image] indicates Euclidian norm’s vector.
It is clearly indicated that [image: image] is passive. Then, from [image: image], the transfer function [image: image] is deduced and formulated as:
[image: image]
It can be deduced that [image: image] is passive, since [image: image] is strictly positive. Thus, the PMSG model is decomposable into two passive subsystems.
PMSG passivity property
Lemma 2: the model (6)–(8) is passive, when [image: image] and [image: image] are chosen as the PMSG outputs and inputs, respectively.
Proof: first, the PMSG Hamiltonian [image: image] is defined as:
[image: image]
Derivative along (6)–8) of [image: image], gives:
[image: image]
where [image: image]. Integrating (17) along [0 [image: image]], gives:
[image: image]
where [image: image] is the stored initial energy and [image: image]. Integrating (18) yields:
[image: image]
Then, relationship M is passive, which is the same for the PMSG.
Controller law design process
According to the model (6)–(8), one can formulate the reference dynamics given as follows:
[image: image]
[image: image]
where [image: image] represents the reference current, [image: image] represents the reference voltage, [image: image] denotes speed of the turbine, and [image: image] denotes the reference torque. To ensure zero error convergence of between the reference and the measured dynamics, it is aimed to compute [image: image]. Thus, the error between the desired model (20)–(21) and the measured model (6)–(8) is formulated as:
[image: image]
[image: image]
Let us define the function [image: image], which represents the reference energy given as:
[image: image]
where [image: image] denotes the tracking error of the current. Derivative of [image: image] along (22), gives:
[image: image]
Thus, the controller law is deduced as follows:
[image: image]
where [image: image] and [image: image] denotes the matrix identity.
Remark 2: the term [image: image] expressed by Eq. 26 represents the damping term which is injected to make the PMSG strictly passive, where a suitable choice of the gain [image: image] permits to matrix [image: image] to improves the tracking error convergence and addresses the parameter disturbances faced by the closed loop.
The proof of the convergence is given as follows:
Considering Eq. 25, where according to [image: image] and the Rayleigh, it yields the inequality given as follows:
[image: image]
where [image: image] and [image: image] denotes maximum and minimum eigenvalues of [image: image].
According to dissipation term [image: image] and the Rayleigh quotient, the derivative of (28) along (26) and (27) yields the inequality given as follows:
[image: image]
where [image: image] denotes minimum eigenvalue of the matrix [image: image].
From (28) and (29), it yields:
[image: image]
where [image: image].
Integrating (30), yields:
[image: image]
From (28) and (31), we get:
[image: image]
where [image: image].
Thus, [image: image] is exponentially decreasing with convergence of [image: image].
To forces the PMSG works at an optimal torque, the reference current is chosen as follows (Yang et al., 2018a):
[image: image]
From Equation 23, the reference torque is formulated as follows:
[image: image]
where [image: image] denotes the tracking error between the turbine and PMSG. The suitable dynamic is to reduce this speed tracking error as much as possible. As can be seen from the aforementioned Eq. 34, the desired torque [image: image] has two drawbacks: the dependence of its convergence on the PMSG mechanical parameters ([image: image]), and it is in open-loop (Belkhier et al., 2022). To address these issues, in Belkhier et al. (2020), the term ([image: image]) was removed, and [image: image] was computed by a PID controller. However, the authors mentioned this strategy still has a drawback with the change of J due to the fixed gains of the PID. Thus, to address this inconvenient, an FLC is introduced to replace the PID loop to solve the problem caused by imprecise parameters, to guarantee convergence of [image: image], eliminates the static error, and ensures robustness. The design process of [image: image] is depicted by Figure 3.
[image: Figure 3]FIGURE 3 | Desired torque computation.
The fuzzy manager is used for gain adjustment, which satisfies the requirements induced by inaccurate variables. The fuzzy values are either the speed error [image: image] in the instance of the regulator equation calculation in (34) or its derivation. Fuzzy controller rules are exposed in Table 1, which are defined as: zero (Z), negative small (NS), positive small (PS), positive big (PB), positive medium (PM), negative medium (NM), and negative big (NB). To choose the membership functions shown in Figure 4, symmetrical and equally distributed triangular and trapezoidal types are utilized. The mechanism for splitting these functions is provided according to Lee and Takagi (Michael and Takagi, 1993) and Yubazaki et al. (1995). Their approach is predicated on the notion that many membership functions might share a single parameter. The benefit of this approach is that it significantly reduces the number of parameters required by the membership functions. The center of gravity defuzzication approach is used to generate the crisp outputs, and a max–min fuzzy inference is used to produce the decision-making output.
[image: Figure 4]FIGURE 4 | Fuzzy rules. (A) Function’s inputs (B) Outputs function.
TABLE 1 | Fuzzy logic rules.
[image: Table 1]GRID-SIDE MODEL AND PI CONTROLLER
The GSC is modelized as given in Figure 5. The classical PI method is selected to regulate the GSC, which is formulated as (Yang et al., 2018a; Belkhier et al., 2020):
[image: image]
where [image: image] indicates the angular frequency, [image: image] and [image: image] are the grid voltages, [image: image] and [image: image] indicate the currents, [image: image] indicates the inductance, [image: image] and [image: image] indicate inverter voltages, and [image: image] indicates resistance of the filter. The mathematical formalism for the converter link voltage is given by (Subramaniam and Joo, 2019):
[image: image]
where [image: image] is the DC-link capacitance, [image: image] is the line current, and [image: image] is the DC-link voltage. The PI loop designs are as follows:
[image: image]
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image]. The active and reactive powers are given as:
[image: image]
[image: Figure 5]FIGURE 5 | GSC PI controller schematic.
EXTENSIVE NUMERICAL INVESTIGATION AND EXPERIMENTAL VALIDATION
For the simulation of the system, the average value of the wind speed is fixed at 12 m/s, and the reference of the wind turbine speed ref is estimated from the generator. The reference of the reactive power is set to 0 kVAr. The parameter values of the system are given in Table 2. The reference of the DC-bus voltage is set to 1150 V. The network is assumed to have infinite power, which allows the injection of all the production without constraints. The damping value is [image: image]. The fixed gains are [image: image], [image: image], [image: image], and [image: image]. For a better analysis of the performance of the adopted strategy, a comparison with other techniques was illustrated, with the conventional (PI) method, passivity-based current control (PBCC) proposed in Belkhier et al. (2020), and the SMC. The suggested approach is put to the test in two situations: First, the suggested regulator is evaluated using the PMSG’s starting settings and evaluated to the standard controllers. The next aim is to analyze the resilience of this suggested fuzzy-EBC in the face of fluctuation. Finally, experimental analysis utilizing PIL testing is performed to establish the practicality of the proposed system.
TABLE 2 | Parameters of the system.
[image: Table 2]Fixed parameters performance analysis
Figure 6 indicates the wind velocity profile applied on the conversion mechanism. Figure 7 depicts the DC-bus trailing behavior with exceptionally low error (ɛ ([image: image])). The suggested method produces transitory deflates of -0.005 and messes up of +0.005. The DC power reaction owing to suggested fuzzy-PBC, SMC, PBCC, and PI benchmarks is indicated in Figure 8. Transient undershoots of -0.02, -0.2, and -0.2 are recorded with the PBCC, PI, and SMC techniques, respectively, and transient messes up of +0.02, +0.2, and +0.2 are noted with the PBCC, PI, and SMC methodologies, respectively.
[image: Figure 6]FIGURE 6 | Wind speed.
[image: Figure 7]FIGURE 7 | DC-link voltage.
[image: Figure 8]FIGURE 8 | DC-link response compared with conventional controls.
Figure 9 depicts the tracking error (ɛ ([image: image])) caused by the examined fuzzy-EBC, PBCC, PI, and SMC, with intermittent underneath and messes up of -4e-5, -5e-5, -8e-5, -7e-5, and +4e-5, +5e-5, +8e-5, +7e-5, correspondingly. Therefore, the recommended methodology, as shown in Table 3, has the smallest underneath and overreach. Furthermore, the suggested approach (0.3s) outperforms the PBCC (1s), PI (0.6s), and SMC (0.55s) in terms of relatively stable inaccuracy and converging ratio, as demonstrated in Figure 9; Table 3. It is deduced that the suggested PBC guaranteed faster response time, greater productivity, and lower following faults as compared to the standard nonlinear techniques studied.
[image: Figure 9]FIGURE 9 | Reactive power response of the tested controls.
TABLE 3 | Results comparison of the control strategies.
[image: Table 3]Parameter changes performance analysis
In the present sub-section, simultaneous changes of +100% [image: image] and [image: image] are applied on the PMSG model to illustrate the robustness properties of the present method. Figure 10 indicates [image: image] behavior under fixed and varied conditions. It is evident that at t = 1–8s, the investigated fuzzy-EBC generate a higher torque with a constant steady-state under variation conditions (0.14 pu) than the one generated under initial parameter conditions (0.12 pu), an increase on the generated [image: image] of 16.53%. Figure 11 depicts [image: image] answer caused by the suggested alternative within every scenario, in which error ɛ ([image: image]) answer and monitoring inaccuracy equal to 0 are almost observed, that is, 0.05 as per Table 3.
[image: Figure 10]FIGURE 10 | Zoom on convergence speed of the reactive power.
[image: Figure 11]FIGURE 11 | Electromagnetic torque under parameter changes.
Figure 12 indicates the resemblance monitoring reaction of [image: image] to [image: image] and [image: image] perturbations. According to the findings, the suggested fuzzy-EBC demonstrates the same Q g behavior including both variable and fixed attribute values, where the recorded [image: image] error ɛ ([image: image]) is approximately the same as in case 1, that is, ±4.5e-5. The measured values of both [image: image] and [image: image] are tabulated in Table. 3.
[image: Figure 12]FIGURE 12 | DC-link voltage under parameter changes.
Figure 13 depicts the [image: image] response for all the PBCC, PI, SMC, and proposed fuzzy-PBC. As indicated in Table 3, the PBCC has a path loss of ±0.04, the PI has a path loss of ±0.4, and the SMC has a path loss of ±0.3. As shown in Table 3, the suggested technique obviously provides a constant [image: image] error and greater trajectory tracking rate when opposed to the other competitors, that are either susceptible to combined perturbations of [image: image] and [image: image]. The Q g answer for all of the investigated controllers is indicated in Figure 14.
[image: Figure 13]FIGURE 13 | Reactive power response under parameter changes.
[image: Figure 14]FIGURE 14 | DC-link response of the tested controls under parameter changes.
As per the reported findings, the suggested fuzzy-EBC has a lower tracking error below these variations than PBCC (5.5e-5), PI (9e-5), and SMC (8e-5), as shown in Table 3. Moreover, the suggested fuzzy-PBC clearly outperforms the other alternatives in terms of velocity position error ɛ ([image: image]) although when exposed to simultaneous perturbations, as demonstrated in Figure 14 and Table 3. Hence, based on the actual analysis and Table 4, the suggested alternative outperforms the other comparable methodologies of resilience, quick reaction and rapid converging, and effectiveness. This verified the theoretical findings of parameter changes performance analysis. Furthermore, as shown in Figures 15–17, the closed loop operates at full power and integrates an effective electricity to the network.
[image: Figure 15]FIGURE 15 | Reactive power response of the tested controls under parameter changes.
[image: Figure 16]FIGURE 16 | Zoom on reactive power response of the tested controls under parameter changes
TABLE 4 | Performance comparisons of the tested controls.
[image: Table 4][image: Figure 17]FIGURE 17 | Active and reactive powers response.
Experimental testing
The processor-in-the-loop testing (PiL) is the process of testing and validating embedded software on the processor before it is utilized in the electronic control unit (ECU). Algorithms and functions are often created on a PC in a development environment. More details about processor-in-the loop experimentation are reported in Ullah et al. (2020); Ullah et al. (2021a); Ullah et al. (2021b). PiL tests are run to ensure that the built code also runs on the target CPU. The control algorithms for the PiL test are often run on a device known as an evaluation board. PiL testing is sometimes run on the actual ECU. Both types use the controller’s actual processor rather than the PC as in software-in-loop (SiL) testing. The target processor offers the advantage of detecting compiler issues. As a result of the preceding work, the suggested control systems are evaluated utilizing PIL investigation, and the block diagram of the setup is illustrated in Figure 18. In the PIL investigation, the DSP command board is physically interconnected with the simulated converter system. The control board is made up of a double core processor TMS320F379D that was developed using the Simulink planet’s simple synthesis approach. Simulink is used to create discontinuous versions of the described devices, and the output or hex file is loaded into the processor’s random-access memory (RAM).
[image: Figure 18]FIGURE 18 | Experimental Step.
In PiL testing, “in-the-loop” indicates that the controller is integrated in physical machine and the program during test’s surroundings is emulated. The wind profile utilized in the PIL testing is depicted in Figure 19. Figures 20 and 21, which demonstrate the experimental findings for DC-link voltage, active, and reactive powers obtained using the PIL approach. Based on the provided data, the proposed fuzzy-EBC is definitely applicable in practice.
[image: Figure 19]FIGURE 19 | Wind profile used for the PIL experiment.
[image: Figure 20]FIGURE 20 | PIL testing DC voltage.
[image: Figure 21]FIGURE 21 | PIL testing grid powers.
6 CONCLUSION
For a PMSG in a wind power converter, a new fuzzy energy-based controller is presented. To obtain the maximum power out of wind energy, utilize the suggested strategy where the entire dynamics of the PMSG is considered when designing the control law. A fuzzy controller is selected to guarantee the overall-rated speed operation of the PMSG, and then compute a higher reference torque. Dynamic simulations of the studied system under parameter changes have taken special attention, and the results have been compared to conventional methods, which show a quick track of the DC voltage and reactive energy to their set values over the compared controls. All of the conversion system’s flaws have been fixed, and the goals have been met. The designed control approach offers optimum performance as well as increased resilience. Moreover, the PIL experiment is conducted to prove that the proposed controller is practically implementable. Future works will be focused on:
• Experimental validation of the proposed control on a real wind energy system.
• The adaptation of the damping fixed gain by introducing an optimization algorithm.
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