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This article presents a perturbation observer–based robust nonlinear damping control (RNDC) scheme for a doubly fed induction generator (DFIG)–based wind farm to damp the inter-area oscillations of multi-area power systems. In the RNDC scheme, the perturbation term is introduced to describe the combined effects of nonlinearities, uncertainties, and disturbances of multi-area power systems with wind farms. The feedback linearization control is realized for reactive power control loops of the DFIG based on state estimation and perturbation estimation derived from a perturbation observer, thus achieving the damping control of the DFIG. The proposed RNDC scheme only needs one measurement signal, and it does not require any model parameters of the power grid and wind farm. Simulation studies are carried out on a two-area power system model connected with the wind farm to validate the control performance of the RNDC scheme under the conditions of three-phase-to-ground faults, parameter variations, and time delays.
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1 INTRODUCTION
Wind energy is a cost-effective and environmental-friendly resource, and it has become one of the most promising renewable energy resources to solve the fossil energy crisis and environmental pollution problems (Li et al., 2019; Xiahou K. et al., 2020; Moness and Moustafa, 2020; Xiahou et al., 2021; Xiao et al., 2022). The wind power generation technology has developed rapidly over the past decades. Among various wind power generators, the doubly fed induction generator (DFIG)–based wind turbine (Xue et al., 2019; Xiahou et al., 2018a,b; Wei et al., 2022) has the advantages of high energy conversion efficiency, full active and reactive power control capabilities, and small power converter rating of back-to-back converter. Therefore, the DFIG-based wind turbines have been broadly installed around the world for wind power generation systems, and the DFIG-based wind farms play an important role in the control and operation of power systems.
The modern power system is interconnected by different control areas, and the size of the power system is growing. The inter-area low-frequency oscillation is a threat to the stable operation of the power system, and it has been reported by many countries (Yao et al., 2013; Liu et al., 2022, to be published). With the integration of large-scale wind power, the inter-area oscillation issue becomes more and more severe since the intermittency and volatility of wind power may aggravate the effects of inter-area oscillation and even lead to instability of the power system. Recently, researchers have investigated various damping control methods to mitigate the inter-area oscillations and ensure the stable operation of the power system. Authors have adopted the lead–lag compensator (Yao et al., 2011), networked predictive control (Yao et al., 2015), and dynamic programming control (Zhao et al., 2022, to be published) for designing wide-area damping controllers to suppress the inter-area oscillations of the power system. Nevertheless, the damping controller (Yao et al., 2011, 2015; Zhao et al., 2022, to be published) is only applied for synchronous generators and does not consider the wind farms.
Due to the merits of flexible active and reactive power control ability of the DFIG, recent researchers have used the DFIG-based wind farm to damp the inter-area oscillations of power systems. In the study by Hughes et al., (2006), a classical damping controller is designed for the DFIG to enhance the system dynamic response, and the damping control is similar to the power system stabilizer (PSS) for the synchronous generator. In the study by Miao et al., (2009); Fan et al., (2011), a damping control scheme is designed for the rotor-side converter of the DFIG-based wind farm based on the root locus analysis method so as to improve the damping performance of inter-area oscillations. In the study by Singh et al., (2014); Kunjumuhammed et al., (2017), the classical lead–lag compensator is applied to design the damping controller for the DFIG. The linear robust control method (Yogarathinam and Chaudhuri, 2018) and particle swarm optimization method (Huang and Chung, 2012) are used by researchers for the parameter design of damping controllers of the DFIG.
Nevertheless, the abovementioned linear damping controllers (Hughes et al., 2006; Miao et al., 2009; Fan et al., 2011; Huang and Chung, 2012; Singh et al., 2014; Kunjumuhammed et al.,2017; Yogarathinam and Chaudhuri, 2018) are designed based on the linearized model of the DFIG and power system with respect to one fixed operation point; thus, these damping controllers are weak to model uncertainties and operation point uncertainties. Nonlinear intelligent control methods, such as data-driven, model-free adaptive control (Shi et al., 2020) and adaptive dynamic programming control (Mir and Senroy, 2020), have been applied to design the damping controller for the DFIG, while these controllers are complex and cannot ensure the closed-loop stability of the system. Nonlinear sliding-mode control (SMC)–based damping control (Liao et al., 2016, 2017) has been proposed for the DFIG-based wind farm, and it shows better damping performance than the conventional linear controller. However, the SMC (Liao et al., 2016, 2017) requires many model parameters and measurement signals, which is difficult to be implemented in practice.
This study deals with the aforementioned problems and proposes a perturbation observer–based robust nonlinear damping control (RNDC) scheme for the DFIG-based wind farms to damp the inter-area oscillations of the power system. The nonlinear model of the multi-area power system integrated with the DFIG-based wind farm is built. A perturbation observer is designed based on the input–output linearization model of the nonlinear power system to simultaneously estimate the system state and perturbation state. The nonlinear power system model with the wind farm is regulated by the feedback linearization control based on the state and perturbation estimations provided by the perturbation observer. Simulation studies are carried out on a two-area power system to demonstrate the effectiveness of the proposed RNDC scheme.
This article is organized as follows. Section 2 depicts the nonlinear model of the two-area power system with the DFIG-based wind farm. Section 3 illustrates the proposed perturbation observer–based robust nonlinear damping control scheme. Simulation results are given in Section 4, and conclusions are drawn in Section 5.
2 TWO-AREA POWER SYSTEM MODEL WITH WIND FARM
The configuration of the studied two-area power system is shown in Figure 1, in which Area 1 and Area 2 power systems are connected via transmission lines, and a wind farm is connected to the Area 1 power system. The wind farm is represented by an equivalent aggregated DFIG-based wind turbine model, which consists of a rotor-side converter (RSC) and grid-side converter (GSC). A damp controller is installed on the DFIG-based wind farm to mitigate the inter-area oscillations between Area 1 and Area 2 power systems.
[image: Figure 1]FIGURE 1 | Two-area power system integrated with the DFIG-based wind farm.
2.1 Wind Farm Model
The DFIG model (Xiahou and Wu, 2018; Xiahou K. S. et al., 2020) can be expressed in the synchronous rotating d-q reference frame. The stator flux linkages of the DFIG are given as
[image: image]
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and the rotor flux linkages of the DFIG are represented by
[image: image]
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where ψsd and ψsq are the d-axis and q-axis components of the stator flux, respectively. ψrd and ψrq are the d-axis and q-axis components of rotor fluxes, respectively. Isd and Isq are d-axis and q-axis components of stator currents, respectively. Ird and Irq are the d-axis and q-axis components of rotor currents, respectively. Lls, Llr, and Lm are the stator leakage inductance, rotor leakage inductance, and mutual inductance, respectively. Ls = Lls + Lm is the stator self-inductance, and Lr = Llr + Lm is the rotor self-inductance.
The dynamics of stator flux linkages of the DFIG are expressed by
[image: image]
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and the dynamics of rotor flux linkages are given by
[image: image]
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where ωs, ωr, and ωslip = ωs − ωr are the synchronous speed, rotor speed, and slip speed, respectively. Vsd and Vsq are the d-axis and q-axis components of stator voltages, respectively; Vrd and Vrq are the d-axis and q-axis components of rotor voltages, respectively; and Rs and Rr are the stator and rotor resistances, respectively.
The stator active and reactive powers of the DFIG are calculated as
[image: image]
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where Ps is the stator active power and Qs is the stator reactive power. The speed motion equation of the DFIG can be represented as
[image: image]
where Tm is the mechanical torque, Hw is the inertia constant, Dw is the damping factor, and Te is the electromagnetic torque given by
[image: image]
2.2 Power System Model
The two-area power system model integrated with the wind farm illustrated in Figure 1 is considered, which can be expressed by the swing equation (Kundur, 1994; Tobergte and Curtis, 2013; Xiahou et al., 2022)
[image: image]
where δ12 = δ1 − δ2 is the rotor angle deviation between Area 1 and Area 2 and δ1 and δ2 are the rotor angles of Area 1 and Area 2, respectively. ω12 = ω1 − ω2 is the generator speed deviation between Area 1 and Area 2, and ω1 and ω2 are the generator speed of Area 1 and Area 2, respectively. H1 and H2 are the equivalent inertia of Area 1 and Area 2, respectively. Pm1 and Pm2 are the mechanical power of Area 1 and Area 2, respectively. PL1 and PL2 are the load power of Area 1 and Area 2, respectively. V1 and V2 are the terminal voltage of Area 1 and Area 2, respectively.
The DFIG-based wind farm is connected to Area 1; thus, the two-area power system model with the wind farm becomes
[image: image]
where Pw is the active power of the wind farm. A supplementary reactive power controller is adopted to damp the inter-area oscillations of the power system. The reactive power Q1 of Area 1 can be expressed as
[image: image]
where Qw is the reactive power of the wind farm, Qc is the reactive power of the capacitive compensator and synchronous generator, and X is the impedance of the transmission line.
3 PERTURBATION OBSERVER–BASED ROBUST NONLINEAR DAMPING CONTROL
3.1 Nonlinear System Model for Damping Control
Taking the power angle δ2 = 0 as the reference value, it has δ12 = δ1. Thus, the two-area power system model becomes
[image: image]
From (15), the terminal voltage V1 of the Area 1 power system can be expressed as
[image: image]
Replacing V1 with (17) in (16), it has
[image: image]
The reactive power control loop of the DFIG can be approximated by a first-order model as
[image: image]
where [image: image] is the reference value of the reactive power Qw generated from the DFIG-based wind farm. Thus, the damping control model of reactive power loops can be expressed as
[image: image]
where ΔQw is the reactive power output caused by the damping controller and [image: image] is the damping control input. Based on the abovementioned analysis, the whole system dynamic equation can be written as
[image: image]
where [image: image] is the control input of the damping controller.
3.2 Controller Design
Taking [image: image] as the state vector, the power system model (21) can be expressed as the following nonlinear system model
[image: image]
where [image: image], [image: image], [image: image], f1(x) = x2, [image: image], and
[image: image]
Taking the control target y = x2 = ω12 as the output signal, the measurement equation is given as
[image: image]
The input–output linearization method is applied for the single-input-single-output (SISO) nonlinear system model (22)–(24). Differentiating the output variable y until the control signal u explicitly appears, which can be represented by
[image: image]
where the Lie derivations [image: image], [image: image] are calculated as
[image: image]
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Since the Lie derivative [image: image], the relative degree of y is obtained as r = 2.
The perturbation term ψ of the damping control system is introduced as
[image: image]
to represent the combined effects of nonlinearities, uncertainties, and external disturbances of the system, where the constant parameter b0 is to be tuned. Based on the definition of the perturbation term in Eq. 28, the system model (25) can be transformed as
[image: image]
The new state variable [image: image] is defined to represent the system state of Eq. 29, where ξ1 = y and [image: image]. Meanwhile, the extended state is defined as ξ3 = ψ to represent the perturbation term. Therefore, the nonlinear system model (29) can be represented with the third-order state-space form as
[image: image]
with
[image: image]
With the feedback linearization control law
[image: image]
the nonlinear system Θ can be linearized exactly into the following linear system
[image: image]
where K is the feedback gain matrix which is to be designed.
However, the perturbation state ξ3 of control law (32) is unknown, which is almost impossible to be implemented. Thus, the perturbation observer is designed to estimate the system perturbation state. Based on Eq. 30, a perturbation observer [image: image] is designed for the nonlinear system Θ as follows
[image: image]
where [image: image] is the estimated value of the system state ξ, [image: image] is the estimated value of the perturbation state ξ3, [image: image], l3 are observer gains, which are selected as lj = αjɛ−j (j = 1, 2, 3), where αj is chosen such that all the roots of s3 + α1s2 + α2s + α3 have negative real parts, and ɛ ∈ (0, 1] is a small gain parameter.
Based on the system state estimation [image: image] and perturbation state estimation [image: image] derived from the perturbation observer, the damping control law of the DFIG-based wind farm is given as
[image: image]
where the perturbation estimation [image: image] is adopted to compensate the effects of the perturbation term and the system state estimation [image: image] is used for the output feedback control. The classical linear quadratic regulator (LQR) method is utilized to design the optimal feedback gain matrix K since the relative degree of y is equal to 2, which is less than the nonlinear system order of 3. Thus, the internal dynamics can be obtained as [image: image]. When ξ1 = ξ2 = 0, the zero dynamics of the nonlinear system is given as [image: image], which indicates the internal stability of the nonlinear system model.
Based on the abovementioned analysis, the block diagram of the proposed perturbation observer–based robust nonlinear damping control scheme is illustrated in Figure 2. As seen, the PI-based dual-loop vector control scheme is adopted to control the RSC of the DFIG-based wind farm. The rotor currents Ird, Irq of the DFIG is regulated to their reference values [image: image] with the application of PI current controllers with compensation terms Δrd, Δrq. Meanwhile, the active power Ps and reactive power Qs are, respectively, regulated to their reference values [image: image] and [image: image] by the PI power controllers. Taking the speed deviation as the measured signal y = ω12, the perturbation observer (34) is implemented based on the input–output linearization model to simultaneously estimate the state and perturbation of the system. Based on Eq. 35, the state estimation and perturbation estimation of the perturbation observer are used for output feedback control and perturbation compensation, respectively, thus realizing the robust nonlinear damping control of the DFIG-based wind farm. It is noted that the proposed RNDC scheme only requires the measurement signal of speed deviation, and it does not need any model parameters.
[image: Figure 2]FIGURE 2 | Schematic of the proposed perturbation observer-based RNDC scheme.
4 SIMULATION STUDIES
Simulation studies are undertaken on the detailed two-area four-machine power system with the wind farm illustrated in Figure 3 built in Simulink/Sim Power Systems.
[image: Figure 3]FIGURE 3 | Configuration of the simulated power system.
The detailed parameters of the two-area four-machine power system are given in the study by Kundur, (1994). The rated power of Area 1 and Area 2 power is set as 1800 MW;, and the rated power of the DFIG-based wind farm is set as 180 MW; thus, the penetration level of the wind power of Area 1 reached 10%. The parameters of the DFIG-based wind farm are given as follows: rated voltage Vnom = 690 V, rated frequency fnom = 60 Hz, rated power Pnom = 2 MW, rated wind speed Vwnom = 11 m/s, stator leakage inductance Lls = 0.18 p. u., rotor leakage inductance Llr = 0.16 p. u., mutual inductance Lm = 2.9 p. u., stator resistance Rs = 0.023 p. u., and rotor resistance Rr = 0.016 p. u. The proposed RNDC scheme is compared with the classical damping control (CDC) (Miao et al., 2009) and sliding-mode control (SMC) (Liao et al., 2016) schemes under the conditions of three-phase-to-ground faults, parameter variations, and time delays.
4.1 Three-phase-to-ground Fault
In the first case, a three-phase-to-ground short-circuit fault is caused in the middle between Bus 7 and Bus 8 at t = 0.5 s, which means the fault location is 110 km away from the Area 1 power system. The simulation results of power angle deviation δ12, speed deviation ω12, active power P1 of Area 1, active power P2 of Area 2, active power Pw of wind farm, reactive power Qw of wind farm, rotor speed ωr of wind farm, and DC-link voltage Vdc of wind farm are given in Figure 4.
[image: Figure 4]FIGURE 4 | Simulation results obtained in the case where a three-phase-to-ground fault occurs in the middle of the transmission line.
As seen, after the three-phase-to-ground fault happens, the responses δ12 and ω12 of the two-area power system present low-frequency oscillations. All the three damping control schemes of the CDC, SMC, and RNDC can damp the inter-area oscillations, while the proposed RNDC scheme shows better damping performance than both the CDC and SMC. Meanwhile, the RNDC scheme adjusts the reactive power Qw of the wind farm to damp the oscillations, and the responses of active power Pw, reactive power Qw, rotor speed ωr, and DC-link voltage Vdc of the wind farm can quickly reach the stable states.
In addition, a three-phase-to-ground short-circuit fault is caused 20 km away from the Area 1 power system, and the simulation results are shown in Figure 5. Since the fault location is close to Bus 7, the responses of power angle deviation δ12, speed deviation ω12, active power P1 of Area 1, and active power P2 of Area 2 present much larger oscillations than the simulation results in Figure 4. According to the simulation results, the proposed RNDC scheme still shows better damping performance than both the CDC and SMC schemes, which verify the effectiveness of the RNDC scheme.
[image: Figure 5]FIGURE 5 | Simulation results obtained in the case where a three-phase-to-ground fault occurs close to the Area 1 power system.
4.2 Parameter Variations
The performance of the proposed RNDC scheme is further compared with that of the SMC scheme under the condition of parameter variations. In this case, the equivalent inertia H2 of Area 2 and the impedance X of transmission line are varied with +20% and −20% errors, respectively. Meanwhile, a three-phase-to-ground short-circuit fault is caused at the middle between Bus 7 and Bus 8 at t = 0.5 s, and the simulation results of the SMC and RNDC are illustrated in Figures 6A,B, respectively. As can be seen from the responses of δ12, ω12, P1, and P2, the parameter variations deteriorate the control performance of the SMC. This is due to the fact that the implementation of the SMC requires many model parameters of Area 1 and Area 2 power systems. Nevertheless, the implementation of the RNDC does not require any model parameters. The simulation results of the RNDC obtained with and without parameter variations are almost the same, which demonstrates the stronger robustness of the RNDC against parameter uncertainties than the SMC.
[image: Figure 6]FIGURE 6 | Simulation results of the (A) SMC and (B) RNDC obtained under parameter variations.
4.3 Time Delays
In this case, the proposed RNDC scheme is tested under the condition of time delay. A time delay of 50 ms is added to the measurement signal derived from the Area 2 power system, a three-phase-to-ground short-circuit fault is caused at the middle between Bus 7 and Bus 8 at t = 0.5 s, and the simulation results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Simulation results obtained under the condition of time delay.
As observed from the responses of δ12, ω12, P1, and P2, the time delay of the measurement signal degrades the performance of the CDC, SMC, and RNDC schemes. Since the SMC scheme requires many measurement signals from Area 2 power systems, the SMC scheme presents large fluctuations, and the power systems is almost unstable. Both the CDC and RNDC can still damp the inter-area oscillations, and the RNDC shows much better control performance than the CDC, which reveals the strong adaption ability of the RNDC to time delays.
5 CONCLUSION
This study has proposed an RNDC scheme for DFIG-based wind farms to damp the inter-area oscillations of power systems. The RNDC scheme is implemented based on the perturbation observer and feedback linearization control method. Simulation studies are undertaken on a two-area power system model with 10% level penetration of the wind farm. According to the simulation results obtained under the conditions of three-phase-to-ground short-circuit faults, parameter variations, and time delays, conclusions can be drawn as follows.
First, the proposed RNDC scheme can damp the inter-area oscillations of power systems caused by three-phase-to-ground short-circuit faults, and it shows better damping performance than both the CDC scheme and SMC scheme. Meanwhile, the proposed RNDC scheme presents stronger robustness against parameter variations and better adaption ability to time delays. This is due to the fact that the RNDC scheme only requires one measurement signal and does not need any model parameters. In addition, the accurate perturbation estimation derived from the perturbation observer is applied to compensate the unknown dynamics of nonlinear systems in the RNDC scheme. Finally, with the perturbation compensation and output feedback control, the RNDC can realize the exact feedback linearization control of DFIG-based wind farms and effectively damp the inter-area oscillations of multi-area power systems.
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