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This work investigates the application of sliding mode control (SMC) on a doubly fed induction generator (DFIG). In conventional control schemes like PI controllers, the responses are relatively slow, and the transient state is often subjected to sustained oscillation. Further, the PI control achieves lesser invariance behavior against system uncertainties, and the selection of its gain parameters is a skillful task. In contrast, the SMC is well-known for its faster convergence, robustness, and better transient and steady-state behavior. In this study, the nonsingular fast terminal sliding mode control (NSFTSMC) is applied in the speed loop of the rotor side vector control of DFIG. The proposed NSFTSMC scheme results in less speed fluctuation with a change in wind speed, which is maintained by controlling the torque component of the current ([image: image]). This paper also presents detailed modeling of the DFIG, power converters, and the related control schemes. Moreover, stability analysis of the proposed methodology ensures the practical finite time stability of the overall system. The comparative controller performance and validation are carried out in Matlab/Simulink environment. The proposed control strategy presents much better results than conventional PI-based control.
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1 INTRODUCTION
Deregulation of energy has led to less investment in larger conventional power plants and more investment into alternative non-conventional electrical power sources. Moreover, increase in the environmental pollution is of great concern (Necoechea-Porras et al., 2021). To solve these problems, two major technologies are playing pivotal role. One is to switch the electricity production from conventional fossil fuel-based sources to renewable energy-based sources. And the other is the use of efficient power electronic conversion in generation, distribution, and end-user applications (Abu-Rub et al., 2014). These distributed energy resources are finding place in microgrids which is the future of the power systems (Ahmad et al., 2019). presents a comprehensive market model to incorporate the renewable energy sources-based microgrids into Indian electricity market. A review is presented (Asaad et al., 2021), where the details of the wind energy generation in Indian perspective is discussed.
Out of all renewable energy resources, wind energy extraction is the fastest growing technology, and it is most viable option to complement other types of pollution-free generating systems (Bou-Rabee et al., 2020). Regular progress in wind-energy conversion systems was seen since 1970s, and the rapid development started in 1990s. The wind turbine-generator concepts and control strategies were developed, and various kinds of wind generators were built since then. Powerful control structures were developed to overcome the wind and grid side intermittencies (Slootweg et al., 2003; Li and Chen, 2008; Boukhezzar and Siguerdidjane, 2011). The control schemes have changed from conventional PI to nonlinear control, as it is much nearer in accuracy with the actual system (Elkington and Ghandhari, 2009; Hu et al., 2010). Implementation of these modern control schemes has become viable due to the developments in the microprocessor and semiconductor technology (Abu-Rub et al., 2014). Out of the wind turbine generator system configurations doubly fed induction generator (DFIG) comprises of approximately 55% of the total systems (Li and Chen, 2008; Abu-Rub et al., 2014). The main reasons being the variable speed range of ±30% of synchronous speed and that the converter ratings are of slip power rating. This leads to high energy yield and lower component stress (Boukhezzar and Siguerdidjane, 2011).
Field oriented control (FOC) and other (Ayedin et al., 2016) vector control techniques are employed to control the DFIG power electronics. FOC is commonly used in DFIGs due to its ability to control the machine speed more efficiently (Krishnan, 2001). Stator flux-oriented-FOC was first employed in (Pena et al., 1996). It was later used extensively (Tapia et al., 2003; Qiao et al., 2008), where the current component (q-axis) controls the active power, and the d-axis is employed to control the reactive power. While, in the stator voltage oriented-FOC, a contrary structure is used (Subudhi and Ogeti, 2018). Proportional-Integral (PI) controllers are commonly used in these schemes.
On the other hand, the sliding mode control (SMC) is a variable structure control technique in which an unstable system varies between the two structures using SMC to make the overall performance of the system stable (Utkin, et al., 2017). In addition, the switching between the two structures equips the controller with invariance property against model uncertainties and disturbances. Besides, the SMC method is easy to construct, achieves faster convergence, smooth response, better steady-state behavior, and easy to guarantee the finite-time stability of the system in theory (Chojaa, et al., 2021;
Amrr, et al., 2022). However, in practical scenario, achieving a finite time result with absolute zero error convergence is unrealistic. Therefore, recently, new results of practical finite time stability are proposed (Zhu, et al., 2011; Amrr, et al., 2020; Fu et al., 2021). Here, the closed loop signals converge to a small residual bound in the neighborhood of zero within finite time. In view of this result, the proposed work presents a nonsingular fast terminal sliding mode control (NSFTSMC) approach (Yang and Yang, 2011) for tracking the angular speed in the speed loop of the rotor side vector control of DFIG. The system is also subjected to the external load disturbances, which may cause fluctuations in the performance. In this work, the nonsingular fast terminal sliding mode control (NSFTSMC) is applied in the speed loop of the rotor side vector control of DFIG. The proposed NSFTSMC scheme results in less speed fluctuation with a change in wind speed, which is maintained by controlling the torque component of the current ([image: image]).
The rest of the paper is organized as follows. In Section 2, a brief discussion on the machine model, aerodynamic model and the drive-train model is done. Section 3 presents vector control of grid side converter control with the basic PI concept taken. Then, FOC is implemented to the machine side converter control scheme with conventional PI controllers. The speed loop is dealt with simple PI controller in this case. In Section 4, the proposed NSFTSMC is designed for the speed loop and the stability analysis of the closed loop system is presented. Section 5 illustrates the comparative results and Section 6 concludes the paper.
2 AERODYNAMICS AND MACHINE MODEL
The overall arrangement of a DFIG-based wind turbine generator (DFIG-WTGS) is shown in Figure 1A. The generator is connected to the wind turbine through a drive train system consisting of low-speed shaft, high speed shaft and the gear box system. A wound rotor induction generator is employed whose rotor either feeds the grid or takes the power into the machine thereby making the super-synchronous as well as the sub synchronous generation possible as shown in Figures 1B,C, respectively. The power entering the machine is the slip power and as a result the power capacity of the converters is of slip power rating. A back-to-back converter is employed to control the power entering the machine or leaving it. Moreover, active and reactive power flow from the stator of the machine can be controlled through the rotor side converter and the power flow in the rotor side is controlled by grid-side converter. This is achieved by keeping the DC-link voltage constant. In this manner DFIG-WTGS is isolated from the grid and making them both fluctuation-recumbent to each other.
[image: Figure 1]FIGURE 1 | (A) DFIG-WTGS Configuration Connected to Grid; power flow diagram of a DFIG in (B) Super-Synchronous and (C) Sub-Synchronous modes; and (D) [image: image] curves for different Pitch angles; (E) Two–mass equivalent of three-bladed horizontal axis wind turbine generator system; (F) torque vs speed characteristics of a 1.5 MVA machine.
In all, three controls are needed to be developed to control the power being fed to the grid. The RSC and GSC employ electrical control schemes where PWM signals are provided to both the converters and the switching angles of the IGBTs may be changed with the fluctuation in the DC-link voltage. The third control scheme is required to control the pitch of the rotor blades which operates when the speed of the wind exceeds the rated speed.
2.1 Aerodynamic model
The aerodynamics of the wind-turbine can be shown by well-known curves known a power coefficient curves or, [image: image] curves-as can be seen in Figure 1D. These can be achieved for different pitch angle (β) values by using the formulae given by (Neto et al., 2007) in as follows:
[image: image]
where,
[image: image]
[image: image] is the tip speed ratio and can be defined as:
[image: image]
where, R is the radius of the wind turbine in meters, [image: image] is the rotational speed of the wind turbine in rad/sec and [image: image] is the velocity of the wind in m/sec. The maximum mechanical power that can be extracted from the wind, which is given by (Ontiveros et al., 2010):
[image: image]
where, [image: image] is the density of the air in kg/m3.
2.2 Drive train model
A three-bladed horizontal axis wind turbine consists of six masses which can be lumped together to form a two-mass equivalent system, as shown in Figure 1E. It can be employed with reasonable accuracy for transient analysis (Boukhezzar and Siguerdidjane, 2011).
The equations for the two-mass model is given as (Muyeen et al., 2007):
[image: image]
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where,
[image: image]
[image: image]
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where, [image: image], [image: image] are the angular position of the wind turbine and equivalent angular position of generator-gearbox system respectively. [image: image], [image: image] are the angular velocity of the wind turbine and equivalent generator-gearbox system angular velocity, respectively. [image: image] and [image: image] are self-damping torques of the generator and gearbox respectively. [image: image] and [image: image] are generator and gearbox inertias respectively. [image: image] and [image: image] represent the elasticity between hub and gearbox, and gearbox and generator respectively. [image: image], [image: image] and [image: image] are the inertia, damping coefficient and the aerodynamic torque acting on a wind turbine. These quantities include the three blades and the hub. [image: image] is the gear ratio. [image: image] is hub and the gearbox mutual damping. Custom wind turbine aerodynamic and the drive train models are taken for the purpose of simulation of the systems.
2.3 Induction generator model
The DFIG voltage equations can be written in abc domain as:
[image: image]
[image: image]
The above equations are transformed into synchronously rotating reference frame to achieve dc values (Anaya-Lara et al., 2009; Krause et al., 2013):
[image: image]
[image: image]
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where, [image: image] is the synchronous reference frame’s rotational speed and [image: image] is the speed of the rotor. The flux linkages are given by:
[image: image]
[image: image]
[image: image]
[image: image]
where, [image: image] are the rotor-side leakage, stator-side leakage, and mutual inductance, respectively.
The electromagnetic torque developed can be given as:
[image: image]
and the power expression of the stator and rotor side are given as:
[image: image]
[image: image]
[image: image]
[image: image]
The capital letters subscript are used for the stator side and the lower letter subscript for the rotor side. Also, the ‘[image: image]’ and ‘[image: image]’ subscripts are used for stator and rotor respectively in power equations. The free acceleration torque vs speed characteristics for 1.5 MVA machine, data of which has been taken from (Miller et al., 2003) to implement in MATLAB®/Simulink environment are shown in Figure 1 (f).
2.4 Voltage source converter model
The basic configuration of voltage source converter is shown as in Figure 2A. In the abc domain the equations are written as:
[image: image]
where,
[image: image]
[image: Figure 2]FIGURE 2 | (A) voltage source converter configuration; (B) DC-link voltage behavior; (C) the grid side control scheme; (D) the rotor side control scheme with SMC implementation in the speed control loop.
and if a balanced three phase system is considered, then
[image: image]
and.
[image: image]
By applying PWM switching conditions and converting the equations onto the reference frame of the source voltage vector we can have following equations:
[image: image]
[image: image]
[image: image]
where, [image: image] and [image: image] are the pulse width modulated switching functions that are expressed in d-q reference frame. The result of the model shown in Figure 2A when simulated with input rms (line to line) voltage as 380 V, the DC-link capacitor as 5 mF, 100 Ω load resistance, 0.46 modulation index ([image: image]), and the carrier frequency of 1080 Hz, is shown in Figure 2B. The DC-link average voltage is around 1175 V, which is nearly double the input line to line voltage’s maximum value, and hence the three phase PWM converter is considered a boost converter whose value is given as:
[image: image]
3 CONVENTIONAL CONTROL SCHEME
On the machine side, the DFIG requires two control schemes under consideration, the grid side control (GSC) and the rotor side control (RSC). The objective of the GSC is to maintain the zero DC-link voltage irrespective of the direction and magnitude of the rotor power. Reactive power regulation is done through GSC; while the main objective of the RSC is to regulate both the active power and the reactive power on the stator side independently. Another controller that is used is the pitch angle controller which is employed to control the mechanical power available at the shaft of the wind turbine when the speed of the wind is above the rated value.
3.1 GSC controller design
Two control loops work simultaneously. [image: image] and [image: image] -which are the gird side currents in synchronously rotating reference frame, are regulated independently through inner loops; while the outer loop regulates the DC-link voltage and the reactive power exchange.
Eq. 28 can be rearranged as:
[image: image]
Transforming the above equation into synchronously rotating reference frame, and aligning the d-axis along the grid voltage vector [image: image], we get the following equations:
[image: image]
[image: image]
Now aligning along the grid voltage vector [image: image] gives us the advantage that [image: image] and [image: image].
Now let
[image: image]
and
[image: image]
Eqs. 39–40 can be rearranged as
[image: image]
This indicates that [image: image] respond to [image: image], and [image: image] respond to [image: image] through a first order transfer function with no cross-coupling. This allows the design of the following feedback loop and PI control.
[image: image]
[image: image]
Substituting these values in Eqs 37, 38 we achieve following equations:
[image: image]
[image: image]
The power-balance equation across the DC-link is written as:
[image: image]
Above Equation can also be written as:
[image: image]
where, [image: image] and [image: image] are the dc component of the DC-link voltage and the ripple content of the DC-link voltage respectively.
Since [image: image], Eq. 46 can be written as:
[image: image]
Therefore, the relation between [image: image] and [image: image] is given by:
[image: image]
Since,
[image: image]
Eq. 49 becomes
[image: image]
Therefore, the feedback loop and the PI controller generates a reference value of [image: image] is designed as follows:
[image: image]
The reactive power exchanged through the GSC can be determined as follows
[image: image]
So, the reactive power may be regulated by regulating [image: image].
The overall control scheme can be seen in Figure 2C.
3.2 RSC controller design
Like GSC, RSC consists of cascaded control loops. The inner current control loop regulates the [image: image]-axis and [image: image]-axis rotor currents independently in accordance with the stator-flux oriented reference frame theory. This reference frame reduces the DFIG model to a second order system, as will be seen later. The outer control loop regulates the stator active power (that is the generator rotor speed) and the reactive power, independently.
In the stator-flux oriented reference frame theory, the [image: image]-axis (here [image: image]-axis) is associated with the stator flux linkage [image: image], which gives
[image: image]
[image: image]
Following results are achieved when applied to Eqs. 14–22
[image: image]
[image: image]
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where,
[image: image]
The stator power equations may be represented as
[image: image]
[image: image]
Eqs. 63–64 indicate that the stator active and reactive powers can be regulated independently by controlling [image: image] and [image: image] respectively. [image: image] and [image: image] can be determined through outer loops.
Firstly, the inner control loops; after proceeding as in the GSC control design, Eqs. 60, 61 may be written as:
[image: image]
[image: image]
Where,
[image: image]
[image: image]
[image: image] and [image: image] are used by the PWM module to generate the IGBT control signals.
4 PROPOSED NONSINGULAR FAST TERMINAL SLIDING MODE CONTROL
This section presents the rotor side vector control of DFIG using nonsingular fast terminal sliding mode control (NSFTSMC). Before going into the control design part, the dynamic model of vector drive of DFIG is given (Bose, 2002). Therefore, let us consider [image: image] where [image: image] is the desired angular position and [image: image] is the angular position of wind turbine. Now, taking the time derivative of [image: image] yields
[image: image]
Further, the second order mechanical dynamic equation of DFIG can be written in Laplace domain as (Zadehbagheri, et al., 2013)
[image: image]
where [image: image] is the disturbance load torque and [image: image] is the electromechanical control torque, which is expressed as
[image: image]
where [image: image] and [image: image] are the gain constants and [image: image] is the control input, which is to be designed. Substituting (71) in (70) and converting it into time domain as
[image: image]
Eqs. 69 and 72 are the state space equations that can be rewritten in a simplified form as
[image: image]
[image: image]
where [image: image], [image: image], [image: image] [image: image]. The following assumption and lemma are used for the stability proof.
Assumption 1. The load disturbance is bound such that [image: image].
Lemma 1. (Fu et al., 2021) considers a continuous system [image: image] with [image: image] being the equilibrium point and [image: image] is the initial time. Suppose a positive definite Lyapunov function [image: image] holds the inequality (75) for [image: image], [image: image], [image: image], and [image: image]
[image: image]
then, the solution of system [image: image] is practically finite time stable. The settling time and residual bound of [image: image] is given by
[image: image]
[image: image]
where. [image: image]
4.1 Controller design and stability analysis
The proposed control scheme is based on nonsingular fast terminal sliding surface (NSFTSS). The structure of the surface is inspired from (Tiwari, et al., 2012; Amrr and Nabi, 2020) and defined as
[image: image]
where [image: image], [image: image] and [image: image] are positive coefficients of NSFTSS [image: image], and [image: image] and [image: image] . The time derivative of [image: image] yields
[image: image]
[image: image]
In view of the derivative of [image: image] from (80), the nonsingular fast terminal SMC (NSFTSMC) algorithm is defined as
[image: image]
where [image: image] is the nominal component and [image: image] is the discontinuous component, and they are expressed as
[image: image]
and
[image: image]
where [image: image], [image: image], and [image: image].
Theorem 1. Considering the sliding dynamics (80) and the proposed NSFTSMC law (75) under Assumption 1. The action of the proposed methodology will achieve the practical finite time stability and the sliding surface [image: image] will converge to a small residual bound of zero. Moreover, the relative states [image: image] and [image: image] will also converge to the vicinity of origin in the sense of practical finite time stability.Proof. Consider a Lyapunov function.
[image: image]
The time derivative of [image: image] gives
[image: image]
[image: image]
Substituting the proposed control law [image: image] from 82–86 yields
[image: image]
[image: image]
[image: image]
where [image: image], which is a lumped value. Now, using completing the square technique (Amrr and Nabi, 2019) by introducing a constant [image: image] such that [image: image]. Further, adding and subtracting a term [image: image] in (89) as
[image: image]
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image]. Considering Lemma 1, Eq. 91 satisfies the practical finite time stability condition. Therefore, sliding surface [image: image] will converge to the narrow bound of zero as defined in Eq. 76 and the settling time as (77). Moreover, the relative states [image: image] and [image: image] will also converge to the uniformly ultimate bound within finite time (i.e., practical finite time stable). This convergence proof is not presented here due to brevity and word limitation. However, the similar proof can be seen from (Amrr and Alturki, 2021).
5 RESULTS
The DFIG with the above-discussed NSFTSMC scheme is implemented on the RSC of the DFIG as shown in Figure 2D. The system is connected to the grid and validated in MATLAB/Simulink environment as shown in Figure 3A. The DFIG ratings are taken from the technical report by (Miller et.al., 2003). The wind is emulated in the Simulink environment by using a signal builder block as a sampled Gaussian noise, as discussed by in (Patel and Beik, 2021). Figure 3B shows random behavior of wind. The rated wind speed is 15 m/s.
[image: Figure 3]FIGURE 3 | (A) The system configuration under study; (B) wind speed variation subjected to the wind turbine blades.
Conventional PI speed controller and NSFTSMC schemes were implemented, and the performance was compared. The analysis is as follows. The rotor shaft’s base speed is 1.2 times the synchronous speed of the machine. The actual rotor shaft speed behavior with both PI and NSFTSMC is shown in Figure 4A. It can be observed that the speed of the rotor is more stable with the NSFTSMC as compared with conventional PI Control, when the turbine is subjected to a wind speed change. It is also observed that the rotor speed settles much faster with NSFTSMC than the PI controller. The DC-link voltage remains unaltered with both the control schemes as seen in Figure 4B. The pitch angle variation (Figure 4C), however, is more stable in the case of conventional PI than the NSFTSMC. The grid side voltage performance is shown in Figure 4D and exhibits similar behavior with both control schemes. Figure 4E exhibits the output current of phase A, and it is seen that there are disturbances with the NSFTSMC, and this disturbance is also observed in active power (Figure 4F) and electromagnetic torque (Figure 4H). The reactive power behavior of the machine is similar for both machines as exhibited Figure 4G.
[image: Figure 4]FIGURE 4 | Results showing the comparative behavior of the SMC based speed control with respect to the conventional PI control in terms of (A) machine rotor speed; (B) DC-link voltage; (C) Pitch angle; (D) voltage profile of phase-A; (E) current profile of phase-A; (F) active power behavior; (G) reactive power; and (H) electromagnetic torque.
6 CONCLUSION
In this work, the sliding mode control (SMC) is investigated for speed control of a doubly fed induction generator (DFIG). The nonsingular fast terminal sliding mode control (NSFTSMC) was applied in the speed loop of the rotor side vector control of DFIG. The proposed NSFTSMC scheme results in less speed fluctuation with a change in wind speed, which is maintained by controlling the torque component of the current ([image: image]). This paper also presented a detailed modeling of the DFIG, power converters, and the related control schemes. Moreover, stability analysis of the proposed methodology ensured the practical finite time stability of the overall system. The comparative controller performance and validation was carried out in Matlab/Simulink environment. The proposed control strategy presented much better rotor speed results than conventional PI-based control. With further exploration this technique can be implemented in the faster inner loops of the rotor and grid side controllers, which may enhance the dynamics of the electrical behavior of the machine.
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[image: image] and R Power coefficient, tip ratio, pitch angle and radius of wind turbine
[image: image] , [image: image] Stator side voltages and currents
[image: image] , [image: image] Rotor side voltages and currents
[image: image] , [image: image], [image: image] Stator side voltages, currents, and flux linkages in [image: image] domain
[image: image] , [image: image], [image: image] Rotor side voltages, currents, and flux linkages in [image: image] domain
[image: image] , [image: image] Angular position of the wind turbine and equivalent angular position of generator-gearbox
[image: image] , [image: image] Rotor angular position and its reference value
Te, TL Electromagnetic and load torque
[image: image] Lyapunov function
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