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Introduction

Wind energy is among interesting renewable sources due to its specific advantages [START_REF] Mousavi | Sliding mode control of wind energy conversion systems: Trends and applications[END_REF]. Wind energy conversion systems (WECS) based on doubly fed induction generators (DFIG) have a considerable contribution to the high-power wind turbine market [START_REF] Wang | Adaptive fixed-time sensorless maximum power point tracking control scheme for DFIG wind energy conversion system[END_REF]. The majority of DFIG Based-WECS are connected to the grid due to their interesting features compared to other types of electrical generators [START_REF] Vanchinathan | A metaheuristic optimization approach for tuning of fractional-order PID controller for speed control of sensorless BLDC motor[END_REF][START_REF] Vanchinathan | An improved incipient whale optimization algorithm based robust fault detection and diagnosis for sensorless brushless DC motor drive under external disturbances[END_REF]. Due to the same principle function, the methods developed for the case of DFIG-Based WECS are applied for the case of DFIG-Based Hydro Electric Power System (HEPS).

Recent grid codes suggest numerous grid requirements [START_REF] Teninge | Reactive power control for variable speed wind turbines to low voltage ride through grid code compliance[END_REF][START_REF] Çelik | Grid code requirements-A case study on the assessment for integration of offshore wind power plants in Turkey[END_REF][START_REF] Qiao | Grid connection requirements and solutions for DFIG wind turbines[END_REF] to ensure flexible and reliable integration of DFIGbased WECS/HEPS. One of the important requirements is to keep the WECS/HEPS connected to the grid during disturbances by riding through faults instead of disconnecting. This requirement aims to maintain frequency stability in the network using clean and free energy. In other words, due to the large-scale integration of WECS/HEPS, an unscheduled disconnection can lead to frequency instability of the grid.

In order to respond to this requirement, several research works [START_REF] Nian | Direct power control of[END_REF][9][START_REF] Zhang | Robust Predictive Rotor Current Control of a Doubly Fed Induction Generator Under an Unbalanced and Distorted Grid[END_REF][START_REF] González | A control strategy for DFIG-based systems operating under unbalanced grid voltage conditions[END_REF][START_REF] Smith | IEEE Recommended Practice for Monitoring Electric Power Quality[END_REF] have been devoted to enhancing the operation efficiency of DFIG Based WECS/HEPS in the case of ideal, unbalanced and/or distorted grid voltage. Meanwhile, this research area is still underway because the power grid can be affected by other types of disturbances like inter-harmonics and infra-harmonics, dip or overvoltage, which can occur simultaneously, according to IEEE standard 1159 [START_REF] Djoudi | Adaptive sensorless SM-DPC of DFIG-based WECS under disturbed grid: study and experimental results[END_REF]. This problem has been resolved recently by the authors of [START_REF] Teninge | Contribution to frequency control through wind turbine inertial energy storage[END_REF].

Another grid requirement is to integrate (or connect) WECS/HPES based DFIG when needed, even under grid voltage disturbances, to regulate the grid's frequency by increasing the supply power when the source power is lower than the demand [START_REF] Ashouri-Zadeh | Modification of DFIG's active power control loop for speed control enhancement and inertial frequency response[END_REF][START_REF] Yang | Fast Frequency Response of a DFIG Based on Variable Power Point Tracking Control[END_REF]. This goal allows for increasing the cost-effectiveness of the considered WECS/HEPS. Another goal is to improve the amplitude of the grid voltage to the nominal value. This goal is achieved by exchanging reactive power with the grid [START_REF] Naidu | Doubly fed induction generator for wind energy conversion systems with integrated active filter capabilities[END_REF]. It is also important to eliminate the current harmonics in the grid [START_REF] Tapia | Methodology for smooth connection of doubly fed induction generators to the grid[END_REF].

Satisfying the requirements of the most recent grid codes depends heavily on the adopted synchronization method. Numerous methods have been developed in the case of ideal grid voltage. Their principle of operation is to control the stator-side voltage by the rotor-side converter and track the grid-side voltage. Then, the DFIG stator and the grid are connected as the tracking error becomes negligible. In [START_REF] Abo-Khalil | Synchronization of DFIG output voltage to utility grid in wind power system[END_REF], the Proportional Integral (PI) controller has been employed. Its accuracy depends on the precise knowledge of DFIG inductances. Also, the d-component rotor current reference depends on the estimated rotor voltages. This strategy requires both stator-side and grid-side voltage sensors. Authors of [START_REF] Thakallapelli | A synchronization control technique for soft connection of doubly fed induction generator based wind turbines to the power grids[END_REF][START_REF] Nair | Unified grid integration algorithm for synchronization and power control of doubly-fed induction generator[END_REF][START_REF] Thakallapelli | A synchronization control technique for soft connection of doubly fed induction generator based wind turbines to the power grids[END_REF][START_REF] Chen | Grid synchronization of doubly-fed induction generator using integral variable structure control[END_REF] have proposed a strategy to decrease the dependency on parameter variations. The reference of the qcomponent rotor current is set to zero. Then, linear controllers (PI [START_REF] Thakallapelli | A synchronization control technique for soft connection of doubly fed induction generator based wind turbines to the power grids[END_REF][START_REF] Nair | Unified grid integration algorithm for synchronization and power control of doubly-fed induction generator[END_REF][START_REF] Thakallapelli | A synchronization control technique for soft connection of doubly fed induction generator based wind turbines to the power grids[END_REF], PID [START_REF] Chen | Grid synchronization of doubly-fed induction generator using integral variable structure control[END_REF]) are employed to control the d-component of rotor current reference to command the direct stator voltage. The phase shift between stator EMF and grid voltage is compensated by an adaptation algorithm.

Authors of [START_REF] Nair | Unified grid integration algorithm for synchronization and power control of doubly-fed induction generator[END_REF][START_REF] Thakallapelli | A synchronization control technique for soft connection of doubly fed induction generator based wind turbines to the power grids[END_REF][START_REF] Chen | Grid synchronization of doubly-fed induction generator using integral variable structure control[END_REF][START_REF] Arbi | Direct virtual torque control for doubly fed induction generator grid connection[END_REF][START_REF] Hu | Predictive direct virtual torque and power control of doubly fed induction generators for fast and smooth grid synchronization and flexible power regulation[END_REF] have applied the sliding mode approach to control the stator-side voltage. This method is more robust than the PI controller, which is sensitive to DFIG parameter variations caused by aging effects. Moreover, in this research work, the rotor voltage control is a function of the rotor current derivative, which can deviate easily from the real one because the rotor current contains high frequency terms close to those of the measurement noises. These high frequency terms are due to the pulse-width modulation (PWM) of the rotor side converter (RSC). In this situation, the control gain may be insufficient to ensure the stability of the control law.

Another synchronization method, proposed by [START_REF] Burguete | Sliding-Mode Control Algorithm for DFIG Synchronization to Unbalanced and Harmonically Distorted Grids[END_REF][START_REF] Chen | Improved grid synchronization control of doubly fed induction generator under unbalanced grid voltage[END_REF], is based on direct control of virtual torque and rotor flux. The authors used the direct torque control (DTC) methods of induction machines reported in several works. The virtual torque and rotor flux references are given to track the reference of the stator side voltage-that is, the grid voltage. The dependence of the estimated rotor flux and virtual torque on the DFIG parameters is the main problem of this approach because these values vary considerably.

The authors of [START_REF] Abdelbaset | Wind Driven Doubly Fed Induction Generator[END_REF] have proposed a synchronization method based on second-order sliding mode control of rotor current components. The references are chosen to produce needed stator voltages. The drawback of this method comes from its dependence on mutual inductance, which varies continuously. This issue leads to undesirable consequences in the case of parametric variations.

It is worth noting that the synchronization methods presented above are valid only for the case of ideal grid voltages. In other words, these methods cannot be applied in the case of non-ideal or disturbed grid voltages, and the above-mentioned requirement cannot be satisfied. To overcome this problem, the authors of [START_REF] Djoudi | Efficient real-time estimation for DFIG-Performance and reliability enhancement of grid/micro-grid connected energy conversion systems[END_REF][START_REF] Ocnasu | Real-time hybrid facility for the study of distributed power generation systems[END_REF] have proposed an unbalanced grid synchronization method of DFIG. These methods are based on robust control like the variable structure method. Meanwhile, it depends on the dynamics of positive and negative sequences extraction algorithms, which are not considered. However, this approach is valid only for the case of unbalanced grid voltage.

To overcome the above-mentioned drawbacks, this paper presents a novel method for grid synchronization of DFIG. Indeed, the proposed method is valid for either ideal or disturbed grid voltage conditions. The proposed method is valid for various grid voltage disturbances, including the unbalanced voltage condition [START_REF] Djoudi | Efficient real-time estimation for DFIG-Performance and reliability enhancement of grid/micro-grid connected energy conversion systems[END_REF][START_REF] Ocnasu | Real-time hybrid facility for the study of distributed power generation systems[END_REF], harmonics, interharmonics, and flicker. It does not require any PLL algorithm, which may not work in some disturbed grid conditions. Moreover, the proposed synchronization method does not need the measurements of stator/rotor voltages and currents. The proposed method does not need the grid-side voltage sensor, which leads to reduced cost and increased reliability. Contrary to classical synchronization methods, the proposed method is easy to implement and insensitive to parameter deviations because it does not need any control loop.

Moreover, the proposed strategy does not need the accurate value of DFIG inductances. It offers more flexibility than classical ones under large overvoltage in either grid synchronization or grid-connected mode (HVRT capability). Hence, the allowed maximum overvoltage in grid codes is set to the maximum limit of DFIG (or 20% of the nominal grid voltage).

The proposed approach is validated experimentally on a 7.5kW laboratory prototype in the presence of grid voltage disturbances. The superiority of the proposed approach is assessed via a comparative study with previously cited approaches.

The rest of the present paper is divided into four main sections. Section 2 presents the basic configuration of DFIG-Based WECS/HEPS. Section 3 explains the proposed synchronization scheme in brief. The fourth section depicts the behavior of the DFIG during grid synchronization mode. The necessary conditions for good, smooth, and flexible working of the proposed method are given in section 5. In the same section, the operating condition for HVRT capability is carried out. A comparative evaluation of the proposal is done in section 6. Considerations under transitory regimes are presented in Section 7. Experimental results and simulations are presented in section 8 to assess the viability of the proposed method.

The basic configuration of DFIG based-WECS/HEPS

As shown in Fig. 1, the generator part of the WECS/HEPS is a DFIG. Its stator circuit is connected directly to the grid. The rotor is also connected to the network via an AC/DC/AC converter composed of two converters. The first one is the grid-side converter (AC/DC), which is responsible for maintaining the DC bus voltage at its reference value and controlling the reactive power exchange with the grid. The second one is the rotor-side converter (DC/AC) which allows the synchronization with the grid. This part controls the grid synchronization of the DFIG and the maximum injection of wind/hydroelectric power to the grid. The switches 𝑆𝑤 1 , 𝑆𝑤 3 , and 𝑆𝑤 4 are used for synchronization during the proposed synchronization procedure. The parallel resistances to 𝑆𝑤 4 are used to limit the currents of the DFIG during the synchronization procedure. The logical switch 𝑆𝑤 2 commands the state of the rotor side converter.

The mechanical part of the WECS/HEPS includes the turbine, shaft, and multiplier. The torque produced by the turbine 𝜏 𝑤 involves the rotation of the turbine-side shaft at the speed 𝜔 𝑤 . Due to the gain 𝑚 𝑐 of the multiplier, the mechanical torque and speed in the DFIG-side shaft become respectively 𝜏 𝐺 and 𝜔 𝐺 . These quantities are expressed as 𝜔 𝐺 = 𝑚 𝑐 𝜔 𝑤 ; 𝜏 𝐺 = 𝜏 𝑤 /𝑚 𝑐 (a) 𝜏 𝑤 = 1 2 𝜋𝜌𝐶 𝑝 (𝛽, 𝜆)𝑅 𝑑 2 𝑉 𝑤 3 /𝜔 𝑤 (b) Where 𝜆 = 𝑅 𝑑 𝜔 𝑤 𝑉 𝑤 ⁄ (c) And: 𝜌, 𝑅 𝑑 is respectively the air density, the turbine radius. The coefficient 𝐶 𝑝 is related to the characteristics of the turbine. The quantity 𝛽 represents the pitch angle of the blades. 𝑉 𝑤 is the speed of the wind. The wind turbine is equipped with a parking brake to hold the turbine rotor stationary when the turbine is turned off. Aerodynamic or mechanical brake shaft systems are mostly installed to protect the WECS/HEPS against wind/water over-speed or other undesirable states.

Proposed grid synchronization procedure of DFIG

The proposed synchronization procedure is explained by the schematic in Fig. 2.a. Initially, the grid-side converter (DC/AC converter) is controlled to regulate the DC bus voltage 𝑈 𝑐 at its reference value 𝑈 𝑐 * . To connect the system, the DFIG stator is connected to the grid by triggering the switch Sw1 at time 𝑡 = 0.

Fig.1. Diagram of the studied wind turbine system

At time 𝑡 = 𝑡 𝑚 , the switch (𝑆𝑤 3 ) is closed. The RSCthat is, the two-level inverter-starts to operate by a delay 𝛿, i.e., at 𝑡 = 𝑡 𝑐 = 𝑡 𝑚 + 𝛿 then the energy conversion process is started by triggering the logical switch 𝑆𝑤 2 and releasing the parking brake. The control block generates the appropriate reference rotor voltages 𝑣 * 𝑟𝑎𝑏𝑐 that the RSC must synthesize.

After that, the RSC power switches are controlled by the PWM method. The measurements of the stator currents 𝑖 𝑠𝑎𝑏𝑐 and the rotor currents 𝑖 𝑟𝑎𝑏𝑐 and the stator voltages 𝑣 𝑠𝑎𝑏𝑐 at the rotor speed Ω are used for the control block. The knowledge of the rotor angle 𝜃 𝑟 is required for the Park transformation.

Generally, in the synchronization period of induction machines, a resistance 𝑅 is added in series with the machine to avoid surge overcurrent when the stator is connected to the grid. For this reason, the current limiter (𝑅, 𝑆𝑤 4 ) is inserted. The switch 𝑆𝑤 4 will bypass the resistance R after the synchronization procedure.

The proposed synchronization timing procedure of the DFIG-Based WECS/HEPS is shown in Fig. 2.b. This procedure can be easily implemented in analog and/or digital controllers.

The feasibility of the proposed synchronization procedure depends on the state of the rotor-side converter (RSC) during 0 ≤ 𝑡 < 𝑡 𝑚 . Indeed, during this time interval, the RSC must be blocked to ensure that the rotor circuit of the DFIG is open. In section 5, it is shown how to satisfy the last condition. 

The behavior of DFIG during the synchronization period 4.1 DFIG model

During the synchronization procedure, i.e. (0 < 𝑡 < 𝑡 𝑐 ), the DFIG model (( 1) and ( 2)) is still valid and can be applied [START_REF] Gaztanaga | Real-time analysis of the control structure system[END_REF], but the rotor currents are zero because the rotor circuit is open. This section focuses on finding the trajectory of the stator currents and the rotor voltages during the synchronization procedure. The DFIG model in the (𝑑𝑞) reference frame during synchronization procedure is given as 

{ 𝑣 𝑑𝑠 = 𝑅 𝑠 𝑖 𝑑𝑠 + 𝑑𝜑 𝑑𝑠 𝑑𝑡 -𝜔 𝑠 𝜑 𝑞𝑠 𝑣 𝑞𝑠 = 𝑅 𝑠 𝑖 𝑞𝑠 + 𝑑𝜑 𝑞𝑠 𝑑𝑡 + 𝜔 𝑠 𝜑 𝑑𝑠 𝑣 𝑑𝑟 = 𝑑𝜑 𝑑𝑟 𝑑𝑡 -(𝜔 𝑠 -𝜔)𝜑 𝑞𝑟 𝑣 𝑞𝑟 = 𝑑𝜑 𝑞𝑟 𝑑𝑡 + (𝜔 𝑠 -𝜔)𝜑 𝑑𝑟 (1) 

State Bounds and Resistance Value for smooth synchronization

By inserting the quantities 𝜑 𝑑𝑠 and 𝜑 𝑞𝑠 from ( 2) into (1), eq. ( 3) is obtained. 𝑇 𝑠 and 𝑇 𝑟 are the stator and rotor time constants. 

The solution of (3) gives the trajectory of the stator current components shown in [START_REF] Vanchinathan | An improved incipient whale optimization algorithm based robust fault detection and diagnosis for sensorless brushless DC motor drive under external disturbances[END_REF], where it is assumed that the initial states are zero. 

The term 𝑒 𝐷 (𝑡-𝜏) can be written as:

𝑒 𝐷 (𝑡-𝜏) = 𝑒 - 1 𝑇 𝑠 (𝑡-𝜏) ( 𝑐𝑜𝑠(𝜔 𝑠 (𝑡 -𝜏)) 𝑠𝑖𝑛(𝜔 𝑠 (𝑡 -𝜏)) -𝑠𝑖𝑛(𝜔 𝑠 (𝑡 -𝜏)) 𝑐𝑜𝑠(𝜔 𝑠 (𝑡 -𝜏)) ) (5) 
In the 𝑑𝑞 reference frame, where the 𝑑 axis is linked to the stator vector voltage, the vector 𝑣 can be expressed as

𝑣 = ( √ 3 2 |𝑣 𝑠 | 0 ) (6) 
The expressions of the stator current components are then derived as

{ 𝑖 𝑑𝑠 (𝑡) = √ 3 2 ∫ |𝑣 𝑠 |𝑒 - 1 𝑇 𝑠 (𝑡-𝜏) 𝑐𝑜𝑠(𝜔 𝑠 (𝑡 -𝜏)) 𝑑𝜏 𝑡 0 𝑖 𝑞𝑠 (𝑡) = -√ 3 2 ∫ |𝑣 𝑠 |𝑒 - 1 𝑇 𝑠 (𝑡-𝜏) 𝑠𝑖𝑛(𝜔 𝑠 (𝑡 -𝜏)) 𝑑𝜏 𝑡 0 (7)
Where 𝑖 𝑑𝑠 and 𝑖 𝑞𝑠 are bounded as in relation [START_REF] Nian | Direct power control of[END_REF].

{ |𝑖 𝑑𝑠 (𝑡)| 2 < 3 2 ∫ |𝑣 𝑠 | 2 𝑒 - 2 𝑇 𝑠 (𝑡-𝜏) 𝑐𝑜𝑠 2 (𝜔 𝑠 (𝑡 -𝜏)) 𝑑𝜏 𝑡 0 |𝑖 𝑞𝑠 (𝑡)| 2 < 3 2 ∫ |𝑣 𝑠 | 2 𝑒 - 2 𝑇 𝑠 (𝑡-𝜏) 𝑠𝑖𝑛 2 (𝜔 𝑠 (𝑡 -𝜏)) 𝑑𝜏 𝑡 0 (8) 
As the magnitude of the stator current 𝐼 𝑠 (𝑡) is equal to√ Where |𝑣 𝑠 | 𝑚𝑎𝑥 is the maximum grid voltage magnitude, and it stands for the maximum overvoltage that can occur in the power grid. In the IEEE Standard 1159, the upper limit is defined as:

|𝑣 𝑠 | 𝑚𝑎𝑥 = 6 5
|𝑣 𝑠𝑁 | (11) Therefore, the term 𝐼 𝑠 (𝑡) can be bounded as

𝐼 𝑠 (𝑡) < 6 √ 𝑇 𝑠 𝑚𝑎𝑥 5√2 |𝑣 𝑠𝑁 | (12) 
Where 𝑇 𝑠 𝑚𝑎𝑥 represents the maximum of the stator time constant. |𝑣 𝑠𝑁 | is the nominal magnitude of the grid voltage.

Based on ( 2) and ( 12), the magnitudes of the stator and rotor fluxes 𝜑 𝑠 and 𝜑 𝑟 are given by [START_REF] Djoudi | Adaptive sensorless SM-DPC of DFIG-based WECS under disturbed grid: study and experimental results[END_REF] as

𝜑 𝑠 (𝑡) ≤ 6𝐿 𝑠𝑚𝑎𝑥√ 𝑇 𝑠 𝑚𝑎𝑥 5√2 |𝑣 𝑠𝑁 |, 𝜑 𝑟 (𝑡) ≤ 6𝐿 𝑠𝑚𝑎𝑥√ 𝑇 𝑠 𝑚𝑎𝑥 5√2 |𝑣 𝑠𝑁 | (13)
Where 𝐿 𝑠𝑚𝑎𝑥 is the maximum value of the stator inductance 𝐿 𝑠 .

Using the equations ( 1) and ( 2), the rotor voltage components take the following form 

Necessary Working Conditions

Grid Synchronization Mode

This subsection obtains sufficient conditions for ensuring the rotor-side converter (RSC) blocking during the grid synchronization mode. Fig. 3 shows the different voltages imposed on the RSC switches (diode and transistor).

Applying the Kirchhoff law, it is obtained 𝑈 𝑐 = 𝑣 𝐷1 + 𝑣 𝐷2 = 𝑣 𝐷3 + 𝑣 𝐷4 = 𝑣 𝐷5 + 𝑣 𝐷6 (19) If it is considered that the switches have the same characteristics and come from one manufacturer, the switch voltages, such as 𝑣 𝐷𝑖 , 𝑖 = 1: 6, are given by the following relations.

𝑣 𝐷1 = 𝑣 𝐷2 = 𝑈 𝑐 2 ( 20 
)
𝑣 𝐷3 = 𝑣 𝐷4 = 𝑈 𝑐 2 (21) 
𝑣 𝐷5 = 𝑣 𝐷6 = 𝑈 𝑐 2 (22) 
To block the RSC during synchronization time, it is sufficient to ensure that 𝑣 𝐷𝑖 > 0 (in order to block the diodes). To achieve this, it is sufficient to choose 𝑈 𝑐 > 0, 0 < 𝑡 < 𝑡 𝑐 (23) Therefore, the voltage reference of the DC link capacitor allowing the proposed synchronization procedure must respect the following condition 𝑈 𝑐 * ≅ 𝑈 𝑐 > 0 (24) Fig. 3. Rotor-side Converter Voltages

Increased HVRT Capability under Grid Connected Mode

This subsection elaborates necessary working conditions for high voltage right through (HVRT) capability under grid-connected mode. This study aims to increase the HVRT capability range above the defined limits in grid codes like IEEE 1159 (limited to 120% of the nominal voltage). This propriety will be a freedom degree for grid operators to use renewable energy based DFIG to ameliorate the grid voltage/current quality instead of its disconnection (as shown in Fig2.a). Its operating principle is based on the grid voltage measurement and the state of the power switch 𝑆𝑤 4 . The switch 𝑆𝑤 4 is opened once the grid voltage becomes 120% of the nominal value. Then, the maximum supported voltage with HVRT depends on the stator currents and the resistance value 𝑅.

Indeed, in classical configurations, the stator voltage is the same as the grid voltage. It does not tolerate higher than 120% of the nominal value. Accordingly, the grid codes suggest the disconnection of the generator once the grid voltage limit is achieved. In the present case, this limit can be increased by utilizing the resistances 𝑅.

In the present driving configuration (Fig2.a), when the switch 𝑆𝑤 4 is opened, stator and grid voltages are related via equation [START_REF] Hu | Predictive direct virtual torque and power control of doubly fed induction generators for fast and smooth grid synchronization and flexible power regulation[END_REF].

𝑣 𝑔𝑎𝑏𝑐 = 𝑅𝑖 𝑠𝑎𝑏𝑐 + 𝑣 𝑠𝑎𝑏𝑐 (25) Where, 𝑣 𝑔𝑎𝑏𝑐 / 𝑣 𝑠𝑎𝑏𝑐 is the grid/stator three phase's voltages and 𝑖 𝑠𝑎𝑏𝑐 is the stator three phase's currents.

The voltage amplitude of the stator is given as in [START_REF] Burguete | Sliding-Mode Control Algorithm for DFIG Synchronization to Unbalanced and Harmonically Distorted Grids[END_REF]. 

|𝑣 𝑠 | = |𝑣 𝑔 | -𝑅|𝑖 𝑠 | ( 

Comparative Study

A comparative study is carried out in the present section to highlight the superiority of the proposed synchronization procedure compared with the synchronization methods in [START_REF] Abo-Khalil | Synchronization of DFIG output voltage to utility grid in wind power system[END_REF][START_REF] Thakallapelli | A synchronization control technique for soft connection of doubly fed induction generator based wind turbines to the power grids[END_REF][START_REF] Nair | Unified grid integration algorithm for synchronization and power control of doubly-fed induction generator[END_REF][START_REF] Thakallapelli | A synchronization control technique for soft connection of doubly fed induction generator based wind turbines to the power grids[END_REF][START_REF] Chen | Grid synchronization of doubly-fed induction generator using integral variable structure control[END_REF][START_REF] Arbi | Direct virtual torque control for doubly fed induction generator grid connection[END_REF][START_REF] Hu | Predictive direct virtual torque and power control of doubly fed induction generators for fast and smooth grid synchronization and flexible power regulation[END_REF][START_REF] Burguete | Sliding-Mode Control Algorithm for DFIG Synchronization to Unbalanced and Harmonically Distorted Grids[END_REF][START_REF] Chen | Improved grid synchronization control of doubly fed induction generator under unbalanced grid voltage[END_REF][START_REF] Abdelbaset | Wind Driven Doubly Fed Induction Generator[END_REF][START_REF] Djoudi | Efficient real-time estimation for DFIG-Performance and reliability enhancement of grid/micro-grid connected energy conversion systems[END_REF][START_REF] Ocnasu | Real-time hybrid facility for the study of distributed power generation systems[END_REF].

The comparison is made based on four criteria: the number of used sensors, the dependence on DFIG parameters and flux (estimated or measured), the grid voltage state for which the synchronization method is valid, and the use of the extraction algorithm.

As it is shown in Table . I, the proposed synchronization method allows overcoming the drawbacks of classical methods. Indeed, it is achieved with a reduced number of sensors, increasing system reliability. The proposed method does not require sensors of rotor currents and grid-side voltages.

Table I. Comparison of the proposed synchronization method with classical methods

On the other hand, it permits achieving the synchronization target even with grid voltage disturbances like imbalances, distortions, flickers, inter-harmonics, dip, and swell, as defined in IEEE 1159. This goal is achieved without using the extraction algorithm of negative/positive sequences of electrical states.

The proposed method also increases HVRT capability to levels higher than 120%, as mentioned in section 5.2.

Considerations under Transitory Regimes

The feasibility of the proposed synchronization method depends on its response to transitory regimes. For classical methods, there are two transitory regimes. The first one is related to stator voltages control under grid synchronization mode. The second one is relative to the response of DFIG while stepping to grid-connected mode (production mode). The main target was to achieve a smooth transition. This requirement depends on control laws' performances under For the present method, there are also two transitory regime cases. The first one is generated while connecting the stator circuit to the power grid. The second one depends on the response of DFIG under grid-connected mode with control law [START_REF] Teninge | Contribution to frequency control through wind turbine inertial energy storage[END_REF]. This method is preferred to other ones due to its advantages.

In the following, sufficient conditions are established, all ensuring smooth transitory regimes for the developed grid synchronization method. There are two transitory regimes.

The first transitory regime

The three-phase model of DFIG under the first transitory regime is given in equations [START_REF] Abdelbaset | Wind Driven Doubly Fed Induction Generator[END_REF].

𝑣 𝑠𝑎𝑏𝑐 = 𝑅 𝑠 𝑖 𝑠𝑎𝑏𝑐 + 𝐿 𝑠 𝑑𝑖 𝑠𝑎𝑏𝑐 𝑑𝑡 (28) After using the Laplace transform, ( 28) is reduced as given in [START_REF] Djoudi | Efficient real-time estimation for DFIG-Performance and reliability enhancement of grid/micro-grid connected energy conversion systems[END_REF].

𝐼 𝑠𝑎𝑏𝑐 (𝑆) = 𝐹(𝑆). 𝑉 𝑠𝑎𝑏𝑐 (𝑆) (29) Where; 𝐼 𝑠𝑎𝑏𝑐 (𝑆), 𝑉 𝑠𝑎𝑏𝑐 (𝑆) are Laplace transform of 𝑖 𝑠𝑎𝑏𝑐 , 𝑣 𝑠𝑎𝑏𝑐 . 𝑆 is Laplace operator. Transfer function 𝐹(𝑆) is given by [START_REF] Ocnasu | Real-time hybrid facility for the study of distributed power generation systems[END_REF].

𝐹(𝑆) = 1 𝑅 𝑠 +𝐿 𝑠 𝑆 (30) 
The response of stator currents depends on the filter 𝐹(𝑆) . Its cut-off frequency depends on added resistance 𝑠 𝑅 . It is selected such that to obtain smooth currents during grid-synchronization mode.

The second transitory regime

The second transitory regime corresponding when stepping from grid-synchronization mode to grid-connected mode. The stator current response is the most interesting because it is injected into the power grid. It depends on the applied control law and initial states. Under production mode, the preferred control method has been elaborated in [START_REF] Teninge | Contribution to frequency control through wind turbine inertial energy storage[END_REF] due to its advantages compared to traditional ones. This control law is based on sliding mode theory which allows controlling of the stator powers without overshoots. In this case, a smooth transitory regime is ensured if powers references varying smoothly.

Experimental Validation and Simulations Results

Experimental validation

To verify the validity of the proposed synchronization procedure, some experiments have been conducted with a 7.5 kW DFIG-Based test bench (Table II). This real-time platform has been developed in the G2Elab laboratory [START_REF] Provost | A formal semantics for Grafcet specifications[END_REF][START_REF] Wessels | High voltage ride through with FACTS for DFIG based wind turbines[END_REF]. The protection resistances have not been inserted (𝑅 = 0) because of the high value of stator resistances as cited in (18.h). The protection circuit is also not employed. 

Test bench

The test bench is depicted in Fig. 4. It can be divided into two main parts. The first part consists of electrical components (Fig. 4a) responsible for controlling the DFIG (see Table . II for DFIG data) and the DC motor, both of which are driven by Semikron converters. The DFIG is controlled using dSPACE RTI 1005 based on the DS1005 PPC Board. The DC motor is controlled based on a DSP card from Texas Instruments TMS 320F240. Sensors measure the alternative and continuous voltages and currents. Two dedicated computers provide instructions to the test bench.

The second part is the electromechanical chain (Fig. 4b). It contains a DFIG (green machine), a DC motor of 5.5 kW to produce the desired load torque, the DC motor, and a DFIG coupled through a multiplier with the ratio of 1.41, as well as position sensors and a rotating speed sensor. The Opal-RT also emulates the electrical grid to verify the proposed synchronization procedure under various electrical grid disturbances. Here, the real-time digital simulator (Opal-RT op5600) and a power amplifier are used to simulate the grid behavior on a real-time basis.

Experimental results

Two tests are carried out. The first one verifies the system behavior under ideal conditions. The second one focuses on the non-ideal grid.

Ideal power grid

In this case, the supply voltage was set to (140√2𝑉, 50𝐻𝑧). The experimental results are given in Fig. 5. As illustrated by Fig. 5a, three time intervals are distinguished. The first interval is 0 < 𝑡 < 𝑡 𝑚1 , whereas the second and the third intervals are 𝑡 𝑚1 < 𝑡 < 𝑡 𝑐1 and 𝑡 > 𝑡 𝑐1 . The waveform of signals during different intervals, such as the stator current (<1>), voltage (<2>), and rotor voltages (<3> and <4>), are depicted in Figs. 5b, c, andd. For the first interval (0 < 𝑡 < 𝑡 𝑚1 , 𝑡 𝑚1 = 12𝑠), the mechanical switches follow the same procedure as in Fig. 2.b and Sw1 is activated. Then, the behavior of the DFIG is verified through stator currents and voltages, zoomed in Figure 5.b. It is seen that the transient convergence regime is exponential, as given in relation [START_REF] Qiao | Grid connection requirements and solutions for DFIG wind turbines[END_REF]. For the second time interval, the switches Sw1 and Sw2 are activated during (𝑡 𝑚1 < 𝑡 < 𝑡 𝑐1 ). In this situation, the stator currents and voltages remain unchanged. Also, the rotor voltages are generated under blocking of rotor side converter. During the third time interval (𝑡 > 𝑡 𝑐1 ), the DFIG is under operating mode and all switches are closed. The applied control law is similar to the one in [START_REF] Djoudi | Adaptive sensorless SM-DPC of DFIG-based WECS under disturbed grid: study and experimental results[END_REF]. The response of DFIG states depends on the control strategy. The control voltage is generated via the DFIG side converter. These quantities remain lower than the maximum values given in (18a). So, the feasibility of the proposed method in the ideal case is confirmed experimentally.

Disturbed power grid

The viability of the presented synchronization procedure is also tested for a non-ideal grid (Fig. 6a). Here, it is assumed that the grid voltage has harmonic terms of 3, 5, and 7 with a magnitude of 3.5%, 2%, 2%, respectively.

The inter-harmonic term of (2.5, 3𝑉) , the flicker term of (5𝐻𝑧, 5𝑉)And imbalance are also considered.

The unbalanced grid voltage is emulated by decreasing the amplitude of one phase by 2.5%. The different quantities during the synchronization intervals are illustrated in Figs. 6b, c, d, ande.

The first three intervals stand for 0 < 𝑡 < 𝑡 𝑚2 , 𝑡 𝑚2 < 𝑡 < 𝑡 𝑐2 , and 𝑡 > 𝑡 𝑐2 , respectively.

The waveforms of different quantities like the rotor voltages (<1> and <2>), the stator voltage (<1>), and the current (<2>) are given in Figs. 6c,d, and e. Waveforms of cited quantities depend on states of physical and logical switches during different time intervals (Sw1, Sw2, Sw3). During the first time interval (0 < 𝑡 < 𝑡 𝑚2 , 𝑡 𝑚2 = 12𝑠), the response of stator currents contains a non-ideal image of applied stator voltage. The generated rotor voltages have some frequency, like stator voltages during the second time interval. During the third time interval (𝑡 𝑚2 < 𝑡 < 𝑡 𝑐2 , 𝑡 𝑐2 = 17.5𝑠 ), the target system is actuated by the DFIG side converter, ensuring the proper control of stator active and reactive power via the control law [START_REF] Djoudi | Adaptive sensorless SM-DPC of DFIG-based WECS under disturbed grid: study and experimental results[END_REF]. The reference of active and reactive powers is null, as confirmed by the current stator waveform. For all time intervals, these quantities remain lower than the maximums given in (18a). Therefore, the effectiveness of the proposed strategy is also verified experimentally for the disturbed grid condition.

Simulation results

Comparative study

Simulations are carried out to assess the proposed method's performance compared to the last synchronization method developed in [START_REF] Djoudi | Efficient real-time estimation for DFIG-Performance and reliability enhancement of grid/micro-grid connected energy conversion systems[END_REF] (Method I). The parameters used for the case of Method I (refer to [START_REF] Djoudi | Efficient real-time estimation for DFIG-Performance and reliability enhancement of grid/micro-grid connected energy conversion systems[END_REF] for definition) are given in table III. It is considered that the references of the stator voltages are shown in Fig. 7. The simulations results of Method I are given in Fig. 8. As is shown in Fig. 8a, the time required to track the stator voltages references is 𝑍 2 = 0.006 𝑠.

A great part of 𝑍 2 , (𝑍 1 = 0.005 𝑠) is consumed to extract negative and positive sequences of electrical states. The connection of the DFIG to the grid can be made when the steady-state regime is achieved, i.e., when the time is greater than 𝑍 3 = 0.084 𝑠 (Fig. 8b).

The simulation results of the proposed method are shown in Fig. 9. One-phase rotor current and voltage are given in Fig. 9a-b, respectively. The steady-state regime is established at only 𝑍 4 = 0.073 𝑠 .

It is concluded that the proposed method presents better performances in the case of unbalanced grid voltage because it permits to achieve low synchronization time compared to [START_REF] Djoudi | Efficient real-time estimation for DFIG-Performance and reliability enhancement of grid/micro-grid connected energy conversion systems[END_REF]. 

Behavior under HVRT capability regime

The HVRT capability in DFIG based-WECS can ensure continuity of services under grid side high voltage events. Three main strategies are presented in the literature to ridethrough high voltage events. The first one is based on the voltage level adjustment via STATCOM and regulating injected or absorbed reactive power [START_REF] Feltes | High voltage ridethrough of DFIG-based wind turbines[END_REF]. The second one is based on a dynamic voltage resistor to regulate the DFIGside voltage around its nominal value [START_REF] Xie | Improved ride-through control of DFIG during grid voltage swell[END_REF]. But, the implementation cost of this method is high. The third approach is based on rotor-side solutions [36], requiring fewer components than the former methods. However, in the common methods, the DFIG stator is connected directly to the grid, which restricts the tolerable voltage. On the other side, the presented HVRT feature in this paper, which is directly connected to the proposed synchronization strategy, requires fewer components while it can tolerate higher voltages. The behavior of the HVRT capability in [START_REF] Djoudi | Adaptive sensorless SM-DPC of DFIG-based WECS under disturbed grid: study and experimental results[END_REF] is assessed based on an adaptive control method in the presence of high voltage disturbance (+30%), as depicted in figure 10a at 𝑡 = 2 𝑠. The target system consists of a DFIG based WECS rated at 1.5 MWatt with parameters given in [START_REF] Ocnasu | Real-time hybrid facility for the study of distributed power generation systems[END_REF]. For that system, the inserted resistance is rated at 0.3 Ω . The DFIG-side voltage profile is shown in figure 10a. It is observed that voltage level remains within the tolerable range with a maximum of (+20%).

So the service continuity is well ensured by properly controlling active and reactive powers, as demonstrated in Fig10.b-c. The MPPT algorithm gives the reference of active power while the reference of reactive power is set to zero. It is also observed that the efficient values of active and reactive powers errors are, respectively 3.5 10 4 𝐾𝑊𝑎𝑡𝑡 and 5 10 4 𝐾 𝑉𝐴𝑅 , which are negligible to the DFIG nominal power.

Conclusion

This paper presented a new synchronization strategy for a DFIG connected to the power grid. It is applicable for ideal and non-ideal grid voltages (according to Std. IEEE 1159). The proposed method allows for eliminating drawbacks of classical synchronization procedures.

Furthermore, it does not need the DFIG parameters and/or state measurements and estimations. It does not use PLL methods which cause significant errors under highly disturbed grids. The bounds of DFIG states during the synchronization procedure were defined. These bounds are used to find the value of the inserted resistances. This method helps improve the availability of WECS/HEPS under disturbed grid conditions, as referred in grid codes. Moreover, it was stated that the improvement of HVRT capability is possible.

The validity of the proposed procedure was tested experimentally in the case of ideal and non-ideal grid conditions. Also, its superiority was assessed by comparative study and simulations/experiment results.
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 2 Fig.2.a. Proposed Synchronization Procedure of the DFIG.

Fig. 2 .

 2 Fig.2.b. Proposed timing flowchart (Grafcet [33]) for DFIG system.
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 4 Picture of utilized test bench (a): Electrical part of the test bench. (b): Electromechanical part of the test bench.
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 5 Experiment results in the case of the ideal grid. (a): Three intervals of the proposed synchronization procedure. (b), (c), (d): Stator current and voltages, rotor voltages in the first three intervals. ˂1˃: 1div →5A; ˂2˃, ˂3˃, ˂4˃: 1𝑑𝑖𝑣 → 125𝑉.
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 6 Experiment results in the case of the ideal grid. (a): Three intervals of the proposed synchronization procedure. (b), (c), (d): Stator current and voltages, rotor voltages in the first three intervals. ˂1˃: 1div →5A; ˂2˃, ˂3˃, ˂4˃: 1𝑑𝑖𝑣 → 125𝑉.
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 89 Fig.9. Simulation results of the proposed method, (a)-(b): One-Phase rotor current and voltage response.
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 10 Fig.10. (a): behavior of grid-side and DFIG-side voltage profiles. (b) Active power and its reference. (c) Reactive power and its reference.

  𝜑 𝑑𝑠 = 𝐿 𝑠 𝑖 𝑑𝑠 𝜑 𝑞𝑠 = 𝐿 𝑠 𝑖 𝑞𝑠 𝜑 𝑑𝑟 = 𝐿 𝑚 𝑖 𝑑𝑠 𝜑 𝑞𝑟 = 𝐿 𝑚 𝑖 𝑞𝑠 𝑣 𝑞𝑟 ) are the components of the rotor voltages; 𝑅 𝑟 , 𝑅 𝑠 are the rotor and stator resistances; 𝑅 𝑠 = 𝑟 𝑠 + 𝑅 , and 𝑟 𝑠 are the resistances of the stator circuit; 𝑅 is the parallel resistance to 𝑆𝑤 4 . 𝐿 𝑟 , 𝐿 𝑠 , 𝐿 𝑚 are the rotor, stator, and mutual inductances; 𝜔, 𝜔 𝑠 are the rotating and stator pulsations; and 𝜔 = 𝑃Ω, and 𝑃 is the number of pole pairs.

	(2)
	{
	where
	(𝑣 𝑑𝑠 , 𝑣 𝑞𝑠 ) are stator voltage components;
	(𝑖 𝑑𝑠,𝑟 , 𝑖 𝑞𝑠,𝑟 ) represent the stator and rotor current
	components;
	(𝜑 𝑑𝑠,𝑟 , 𝜑 𝑞𝑠,𝑟 ) represent the stator and rotor flux
	components;
	(𝑣 𝑑𝑟 ,
	And

  The term 𝑇 𝑠 𝑚𝑎𝑥 can be set as 𝑇 𝑠 𝑚𝑎𝑥 < 𝑅 𝑠 𝑚𝑖𝑛 is the minimum value of the stator resistance 𝑅 𝑠 .In this case, the following relation is obtained from (18. d).Taking into account that 𝑅 𝑠 = 𝑟 𝑠 + 𝑅; so:𝑅 𝑠 𝑚𝑖𝑛 ≥ 𝑟 𝑠 𝑚𝑖𝑛 + 𝑅 𝑚𝑖𝑛 (18.f) Where 𝑟 𝑠 𝑚𝑖𝑛 and 𝑅 𝑚𝑖𝑛 are minimum values of 𝑟 𝑠 and 𝑅 respectively.In this case; the relation (18. e) is ensured if 𝑅 𝑚𝑖𝑛 is selected as

								𝐿 𝑠 𝑚𝑎𝑥 𝑅 𝑠 𝑚𝑖𝑛	where
				𝑅 𝑠 𝑚𝑖𝑛 >	18 25	𝐿 𝑠 𝑚𝑎𝑥 (	|𝑣 𝑠𝑁 | 𝐼 𝑠𝑁 )	2	(18. e)
					𝑅 𝑚𝑖𝑛 ≥	18 25	𝐿 𝑠 𝑚𝑎𝑥 (	|𝑣 𝑠𝑁 | 𝐼 𝑠𝑁 )	2	-𝑟 𝑠 𝑚𝑖𝑛	(18.g)
	As a result, the inserted resistances value is chosen as
	follows						
		𝑅 =	18 25	𝐿 𝑠 𝑚𝑎𝑥 (	|𝑣 𝑠𝑁 | 𝐼 𝑠𝑁 )	2	𝑖𝑓:
		18 25 𝑅 = 0 ( 𝐿 𝑠 𝑚𝑎𝑥 ( 𝑤ℎ𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 |𝑣 𝑠𝑁 | ) 2 ≥ 𝑟 𝑠 𝑚𝑖𝑛 𝐼 𝑠𝑁 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠	) 𝑖𝑓:	(18.h)
	{	18 25	𝐿 𝑠 𝑚𝑎𝑥 (	|𝑣 𝑠𝑁 | 𝐼 𝑠𝑁 )	2	< 𝑟 𝑠 𝑚𝑖𝑛

  [START_REF] Burguete | Sliding-Mode Control Algorithm for DFIG Synchronization to Unbalanced and Harmonically Distorted Grids[END_REF] As mentioned before, the stator voltage is limited to 120% of the grid nominal voltage, i.e., |𝑖 𝑠 | is the stator current amplitude of one phase and 𝑉 𝑁𝑔 is the amplitude of grid nominal voltage. Hence, in the studied case, the HVRT capability is ensured to reach 1.2𝑉 𝑁𝑔 + 𝑅|𝑖 𝑠 | , contrary to the classical configuration.

	|𝑣 𝑔 | 𝑀𝑎𝑥	≤ 1.2𝑉 𝑁𝑔 + 𝑅|𝑖 𝑠 |	(27)
	Where,		
	|𝑣 𝑠 |, |𝑣 𝑔 | corresponds to stator and grid voltage
	amplitude, respectively. |𝑣 𝑔 | 𝑀𝑎𝑥	is the maximum grid
	voltage which can be achieved.		

  It also depends on the DC link voltage level, which must be sufficient to deliver reference rotor voltages.

	working modes.					
	Synchronization Methods	Number of used sensors	Dependence on Parameters and flux	Grid voltage State	Using sequences of extraction
	[19-26]	12	Yes	Ideal voltage	grid	No
				Ideal	and	
				Unbalanced	
	[27-30]	12	Yes	and/or		Yes
				Distorted		
				grid voltage	
	The proposed method	7	No	Ideal/All grid disturbances	No

Table .

 . II. DFIG Identified Parameters during parking state.

Table . III

 . Coefficient of Method I[START_REF] Djoudi | Efficient real-time estimation for DFIG-Performance and reliability enhancement of grid/micro-grid connected energy conversion systems[END_REF] 

	coefficient	value
	𝑘 𝑑1+ , 𝑘 𝑑1-	0.8
	𝑘 𝑑2+ , 𝑘 𝑑2-	15
	𝑘 𝑞1+ , 𝑘 𝑞1-	0.1
	𝑘 𝑞2+ , 𝑘 𝑞2-	20
	𝑘 𝑑-, 𝑘 𝑞-	30
	𝑐	10 4
	Fig.7. References of stator voltages.