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Finite time control for grid-connected wind turbine under power step change and grid faults
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This paper proposes a Finite-Time Nonlinear Sliding Mode Control (FTNSMC) for wind turbine system-based squirrel cage induction generator (SCIG) connected to grid trough LCL filter. The proposed FTNSMC employs a sliding surface based on the nonlinear integral function to improve the system performance. Both, the generator-side and grid-side converters are controlled to ensure the robustness and stability of the power system subjected to grid voltage faults. The simulation results demonstrate the superiority of the proposed control strategy compared with the conventional Sliding Mode Control (SMC) method and confirm its robustness against grid faults and disturbances.

INTRODUCTION

With increase integration of renewable energy resources in grid, the grid connected wind turbines are frequently subjected to generator failure and many grid faults types, such as voltage sags, short circuit and frequency deviation [START_REF] Thakur | Active Power Control of Grid-connected Permanent Magnet Synchronous Generator-based Wind Turbines in the Presence of Voltage Sags, Electric Power Components and Systems[END_REF] [2] [START_REF] Elyaalaoui | High-order sliding-mode control using integral terminal sliding manifold for a wind turbine under grid faults[END_REF]. Moreover, during the grid short circuit or voltage drop, the wind turbines are quickly disconnected. Which demand the use of robust control system.

To achieve the control system objectives a back-to-back converter is adopted and the harmonics generated are attenuated by an adequate filter, such as L, RL and LCL filter. The LCL filter is proposed in many works because of the reduced size, cost and harmonics generation [START_REF] Gurrola-Corral | Optimal LCL-filter design method for grid-connected renewable energy sources[END_REF]. But a resonant damping solution is needed to stabilize the LCL filter-based conversion system [START_REF] Saleem | Resonance damping for an LCL filter type grid-connected inverter with active disturbance rejection control under grid impedance uncertainty[END_REF]. The active damping method solves the power loss problem by adding the extra terms to the control strategy, but it is very sensitive to parameter variation [START_REF] Gao | A novel active damping control based on grid-side current feedback for LCL-filter active power filter[END_REF] and requires multiple sensors. The passive damping method is simple, but its disadvantage is the damping resistance losses, which reduces the system efficiency [START_REF] Elyaalaoui | Improvement of THD performance of a robust controller for grid-side energy conversion system based on LCL filter without RC sensor[END_REF]. This study also reveals that with some improvement in the topology of the LCL filter, the power losses in the damping resistors can be reduced considerably and can be almost identical to those of active damping methods, while preserving the inherited advantages of passive damping methods [START_REF] Elyaalaoui | Improvement of THD performance of a robust controller for grid-side energy conversion system based on LCL filter without RC sensor[END_REF].

The increase of power in the network can negatively influence on the stability of the entire system. For a stable system, the wind turbines must be controlled to ensure the stability, improve the power quality and keep the wind turbine connected to the grid [START_REF] Elyaalaoui | Supervision System of a Wind Farm Based On Squirrel Cage Asynchronous Generator[END_REF][START_REF] Elyaalaoui | Improvement of THD performance of a robust controller for grid-side energy conversion system based on LCL filter without RC sensor[END_REF]. To solve these problems and to ensure the robustness against parameter uncertainties, faults and disturbances, the robust non-linear controllers are proposed in many works [START_REF] Song | The Sliding-Mode Control Based on a Novel Reaching Technique for Permanent Magnet Synchronous Motors[END_REF]. The control methods based on Lyapunov theory have taken more attention, such as sliding mode controller (SMC) [START_REF] Song | The Sliding-Mode Control Based on a Novel Reaching Technique for Permanent Magnet Synchronous Motors[END_REF]. However, despite the advantages of the conventional SMC methods, they need the additional improvement for a finite time convergence, faster response and chattering effect reduction [START_REF] Salem | A Second-Order Sliding Mode Control of Switched Reluctance Motor[END_REF]. The chattering phenomenon is caused by the switching function of the discontinuous law which is the major drawback of the conventional SMC [START_REF] Salem | A Second-Order Sliding Mode Control of Switched Reluctance Motor[END_REF]. Many authors extensively analysis and study this problem to propose several control techniques in the literature.

In [START_REF] Azizi | Fault tolerant control of wind turbines with an adaptive output feedback sliding mode controller[END_REF] an adaptive output feedback sliding mode controller with an integral sliding surface can reduce the steady-state error of rotor speed more than that of SMC [START_REF] Pradhan | Double Integral Sliding Mode MPPT Control of a Photovoltaic System[END_REF] and improve the system performance of WT [START_REF] Chihi | Nonlinear integral sliding mode control design of photovoltaic pumping system: Real time implementation[END_REF]. It is also investigated for robustness against external distributions in [START_REF] Labbadi | Fractional order sliding mode control for the tracking problem of Quadrotor UAV under external disturbances[END_REF]. Response of integral SMC and SMC can be improved also using the fuzzy logic to fuzzy integral SMC [START_REF] X.-X. Yin | A novel fuzzy integral sliding mode current control strategy for maximizing wind power extraction and eliminating voltage harmonics[END_REF] and fuzzy SMC [START_REF] Kayisli | A Novel Power Factor Correction System Based on Sliding Mode Fuzzy Control[END_REF]. But, using the fuzzy logic increases the complexity of the system control and execution time and the system cannot converge in finite time. To solve these problems of stability and finite-time convergence, the finitetime controller is proposed, which that the settling-time depends on the initial conditions [START_REF] Chatri | Design and Implementation of Finite-Time Control for Speed Tracking of Permanent Magnet Synchronous Motors[END_REF].

This paper proposes a Finite-Time Nonlinear SMC controller (FTNSMC) for a wind turbine connected to grid through a LCL filter with passive damping. The back-toback converter is controlled using the proposed control technique under grid faults. This control method is proposed to ensure the convergence in approximate finite-time convergence for the output power and voltage tracking of entire wind nonlinear turbine system under unbalanced grid voltage conditions, wherein it is employed to cope with the chattering phenomenon and fast response. The simulation is carried out to validate the superior performance of the proposed control in dynamic response, elimination of chattering problem despite the operation under grid faults.

Compared with the existing conventional SMC, the contributions of this paper have three distinct characteristics.

• Proposed FTNSMC controller is designed using a new sliding surface based on nonlinear integral sliding function to control grid-side converter control of WT system. • Developed controller is tested to achieve immediate response, smaller steady-state error and robustness.

• Proposed FTNSMC scheme is designed based on study of stability analysis and Lyapunov theory.

The paper is organized as follows, in second section the wind turbine connected to utility grid is presented. The proposed controller for grid-side converter is given in section 3. The results of simulation are discussed in section 4. The conclusion presents the main points of the paper in the section 5.

WIND TURBINE SYSTEM GRID CONNECTED

The system studied used to test the effectiveness of the proposed FITSMC is presented in Fig. 1. It consists of a wind turbine based on squirrel cage induction generator with a nominal capacity of 3 MW connected to power network [START_REF] Elyaalaoui | Supervision System of a Wind Farm Based On Squirrel Cage Asynchronous Generator[END_REF]. The control system of the wind turbine combines the grid side converter control and the generator side control. The DC bus voltage and grid current are controlled by the grid side converter. The DC bus voltage is controlled to track the reference values, while the d-axis and q-axis current component are controlled to track the references generated by the outer control loops (see Fig. 3), where the system parameters are given in Table 1. 

To keep the system on the integral terminal sliding surface s(t)=0, the time derivative of sliding surface s(t) is expressed by:

I S e e = +  (5)
Remark 1: The control system is applied to grid and generator side and grid side converters as shown in Fig. 2 and Fig. 3. But in this paper only the controller laws are developed only for the grid side converter is developed. The outer loop and inner loop of the grid side converter are presented in Fig. 3. 
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Law control of DC bus voltage is ensured using the d-axis current reference

Grid side current control

The model of the LCL filter in (d,q) reference, is presented using the derivatives of the currents iG_d and iG_q as:
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The sliding surfaces of iG_d and iG_q can be expressed by:
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The time derivatives of current errors are expressed such as: 
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The derivative of sliding surface is also given by (20) to develop the control law: 
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The control laws for grid side converter are given by: ( 
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Stability analysis Theorem 1:

The system studied, including filter and DC bus, is modeled to control the DC bus voltage and the d-axis and q-axis currents. According to the change of variable, the point of equilibrium is interesting to ensure the asymptotic convergence of variable x towards its desired value xref. x represents Vdc, iG_d or iG_q and xref represents Vdc_ref, iG_d_ref or iG_q_ref.

Proof:

In order to demonstrate the stability of FITSMC for the grid side converter, the positive definite Lyapunov function is given as follows:

2 2 2 __ 1 1 1 2 2 2 dc G d G q S S S  = + + (23) 
Derivative of Lyapunov function is defined as:
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Substitute control law of current q-axis reference in sliding surface derivative gives the following expression 

After simplifications, the derivative of sliding surface is expressed as follows: 

To achieve the system convergence, the sliding surface is defined, also, by the following expression:
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Applying the same steps to d-axis and q-axis grid current, the product of sliding surface and its derivative gives: 

S S k S S S S k S S

 = - -     = - -   (30)
Finally, derivative of Lyapunov function is negative (31) therefore the system is asymptotic stable.
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Reachability in finite time Tf

For any given finite time Tf, the proposed FTNSMC laws aim to drive the system state trajectories onto the specified sliding surface s(t) = 0 in a finite time Tf and maintain there for Tf ≤ t. The reachability in finite time is demonstrated in [START_REF] Labbadi | Fractional order sliding mode control for the tracking problem of Quadrotor UAV under external disturbances[END_REF].

Theorem 2:

Consider the nonlinear system in ( 6) and ( 14). The reachability of the specified sliding surface (3) can be ensured in a finite time Tf ≤ T by the control law [START_REF] Pradhan | Double Integral Sliding Mode MPPT Control of a Photovoltaic System[END_REF].

Proof: Consider the positive Lyapunov function as: 

The dc(Tf) with (∀ t > t0, dc(t0) > 0) converges to 0 in a finite time Tf . where t0 means the initial time. To obtain Tf and complete the proof of the theorem 2, the equation ( 33) can be rewritten as: 
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SIMULATION RESULTS AND DISCUSSION

The simulation results are carried out, using the test system of the grid connected WT and Matlab/Simulink (Fig. 1), to validate the proposed control laws of FTNSMC under three scenarios, power step change, isolated two-phase fault and three-phase fault scenario.

During the power step change, presented in Fig. 4, it can be seen that FITSMC controller shows an improved response than the conventional SMC, for active power and DC bus voltage. This controller gives better star-up response of generator electromagnetic torque compared to conventional SMC as shown in Fig. 5. The study of robustness against two-phase fault is presented in Fig. 6-Fig. 11. As shown in Fig. 6, during the two-phase fault the response of the rotor flux using the proposed FITSMC gives the best response and do not present any overshoot compared to the conventional SMC. The response of rotor speed during two-phase fault using the proposed controller is more stable than that of the conventional SMC (see Fig. 7). The two-phase fault results presented in Fig. 8 show that the 1 st phase voltage response for FTNSMC drops to a constant value and it is more stable than that given by SMC. The superiority of the proposed controller is appeared clearly in current response (Fig. 9), Electrokinetic torque (Fig. 10) and Active power response (Fig. 11). The twophase fault has a great influence on wind turbine stability, but adopting the FITSMC makes WF more stable compared to that controlled using SMC. The results during three-phase fault are given in Fig. 11 -Fig. 15. As shown in Fig. 11, the three-phase fault is disappeared at 5.5s (using both controllers, FTNSMC and SMC), but normal fault clearance not mean end of fault. Sometimes the end of grid fault produces severe disturbances in DC bus voltage and generated active power at the generator side converter as shown in Fig. 13 and Fig. 14. The fault current drops when the circuit breaker opens (could also have increased) but does not go to zero because the fault in the end fault zone keeps current flow on., after the three-phase faut clearance at the grid level, the wind turbine steel able to deliver the power into grid ( see Fig. 13) and DC bus voltage returns to its rated value (see Fig. 14). From these figures, it can be concluded that the proposed controller provides an improved response in term of fast fault clearance response and minimal overshoot. The Fig. 15 is given to prove the clam that the proposed controller overcomes the problem of the chattering effect and demonstrates that the current THD is reduced using the proposed controller instead of SMC. Three-phase fault happens during the period [4, 4,5 s]. 

CONCLUSION

This paper deals with the design of finite time nonlinear controller for a wind energy conversion system connected to the grid through a LCL filter. The superiority of the proposed controller is demonstrated under power step change, grid two-phase fault and three-phase fault.

The whole system is modeled using Simpowersystem tools of Matlab/Simulink. Simulation results are curried out to prove the efficiently of the proposed controller and confirm the robustness against grid faults disturbances. The stability of the control system is validated through the study analysis using the Lyapunov theory. 
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 23 Fig. 2: Outer and inner loop control of SCIG generator side converter

  of current d-axis reference[START_REF] Pradhan | Double Integral Sliding Mode MPPT Control of a Photovoltaic System[END_REF] in time derivative of sliding surface gives (26).
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 4 Fig. 4: Active power and DC bus voltage response during the step power change.
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 5 Fig. 5: Electromagnetic torque response using FITSMC and using SMC during power step change.
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 67 Fig. 6: Rotor flux during two-phase fault using the proposed FTNSMC and conventional SMC
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 891011 Fig. 8: Grid voltage profile at the connection point during the two-phase fault.
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 1213 Fig. 12: Grid voltage profile during the three-phase fault
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 1415 Fig. 14: a) DC bus voltage during three-phase fault using proposed FITSMC and SMC, and b) zoom

TABLE 1 :

 1 PARAMETERS OF THE INVERTER, LCL FILTER AND TRANSFORMER

		QUANTITY	VALUE
		Vn : Rated voltage	690 V
	System rated components	Pn: Nominal power	3MW
		Fn: Nominal frequency	50 Hz
		LI : LCL filter inverter side inductance	0.1073 pu
	LCL filter	LG : LCL filter grid side inductance RF: LCL filter resistance	0.0061 pu 3.404 pu
		CF: LCL filter capacitance	0,05 (pu)
		Nominal power and frequency [ Pn(VA) , fn(Hz) ]	[4e6 50]
		Winding 1 parameters [ V1 Ph-	[20e3 0.0005787
	Transformer	Ph(Vrms) , R1(pu) , L1(pu) ]	0.014468]
		Winding 2 parameters [ V2 Ph-	[690 0.0005787
		Ph(Vrms) , R2(pu) , L2(pu) ]	0.014468]
		Magnetization resistance Rm (pu)	347.23