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Abstract

:

Electronic control strategies are pivotal in the evolution of power systems, which have higher requirements for power leveling and optimization, frequency safety, and frequency stability. In contrast, the core objectives of existing energy storage services are mostly limited to one function, which cannot fully meet the operational requirements of power systems. This paper presents research on a frequency security controller based on digital twin technology and aimed to enhance the safety of the system. The proposed controller can simultaneously smooth out active wind power fluctuations and optimize reactive power, participate in system frequency regulation, and improve system damping to damp low-frequency oscillations based on simulating the actual operating environment. Simulations also verify the effectiveness of the proposed controller in DIgSILENT/PowerFactory based on a two-area system. This active/reactive power-based system support service will bring new economic benefits to wind energy storage systems.
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1. Introduction


In recent years, severe energy shortages and traditional energy pollution have drawn worldwide attention. In contrast, due to clean and renewable characteristics, the installed capacity and penetration of renewable generation have been considerably increased in the power grid. For example, by January 2022, the penetration of wind power in China reached 16.5% of the total installed capacity. However, the large-scale connection of wind farms with the power grid poses a significant challenge to system stability, especially in terms of frequency safety, due to the inherent characteristics of low inertia, weak damping, randomness, and fluctuation [1,2,3,4].



The relevant research is mainly divided into two aspects, i.e., suppressing power fluctuations and enhancing frequency stability. Regarding power fluctuation suppression, wind power’s unpredictability presents significant challenges, especially as wind power penetration rates increase, demanding more robust operational strategies for the power system. For example, significant power fluctuations can threaten the frequency control of the regional interconnection system, which can further endanger the safety and stability of the power system [5]. For this reason, some scholars have proposed control strategies for wind turbines to suppress power fluctuations.



In reference [6], a newly designed multifilter-based dynamic power-sharing control system is tailored for hybrid energy storage systems in conjunction with grid-connected wind turbines. Additionally, a comprehensive high-level model, incorporating a direct-drive permanent magnet linear generator, a supercapacitor, and a battery system, was developed to evaluate the proposed multifilter-based dynamic control approach under actual operational conditions. Reference [7] proposed a control framework designed to enhance the operational stability of wind turbines. By integrating power smoothing, consistent sag, and stabilization limits, this proposed structure aims to achieve robust performance without the need for extra safety margins. Reference [8] presents a control strategy for energy storage systems aimed at mitigating wind power variability while taking wind power utilization into account. The strategy is designed to temper the surge in wind power or minimize wasted wind energy during charging periods as well as to deploy stored energy to offset decreases in wind power generation during discharging phases. Additionally, the authors introduced a fuzzy control method for adjusting charging and discharging power, tailored to the real-time status of the energy storage system and the consumption of wind power. Reference [9] proposed a chance-constrained optimization approach for configuring the Battery Energy Storage System (BESS) to ensure that both uncertain power fluctuations and frequency deviations remain within established boundaries.



However, current control methods based on wind turbines suppress fluctuation at the expense of wind energy capture efficiency, and the smoothing ability is generally limited by the control capability of the turbine and the wind speed, while increasing operating costs. In contrast, energy storage demonstrates potential in smoothing power fluctuations, attributed to its rapid response capabilities. Reference [10] established a neural network algorithm-based energy storage control system to control two types of energy storage to smooth out long and short-period power fluctuations. In [11], stochastic dynamic optimization control was proposed based on first-order filtering links to smooth out the short-term volatility of wind power with flywheel energy storage systems. In [12], fuzzy control algorithms are applied to the superconducting energy storage devices to smooth out power fluctuations. Compared to the control methods based on wind turbines, the fast charging and discharging control of energy storage is more flexible, smoothing power fluctuations and improving operational economics. Reference [13] explored an optimization strategy aimed at addressing the overmodulation issue through the minimization of total reactive power demand. It introduces an enhanced reactive power control method, termed Improved Minimum Reactive Power (IMRP), and assesses the viable region for managing active power imbalances. Reference [14] employed the entropy weight-based grey wolf algorithm to identify the optimal trade-off solution for multi-objective reactive power optimization in transmission networks. By considering network loss, voltage deviation, and static voltage stability margin as three key objective functions, this approach evaluates and leverages the reactive power regulation capabilities of new energy units.



In addition, regarding frequency stability, power systems incorporating a large share of wind power exhibit reduced inertia and damping, a consequence of the absence of synchronous generators. This leads to characteristics of low inertia and insufficient damping, presenting substantial challenges to maintaining the frequency stability of the power system. Energy storage technology with multiple flexible control methods is an effective means to improve the frequency stability of power systems with a high proportion of wind power. By applying energy storage technology with proper control methods, the stability problems of power systems with a high penetration of wind power, especially the frequency security and low-frequency oscillations concerned in this paper, can be effectively addressed. The current research dealing with frequency security mainly adopts additional active controls. H. Delkhosh and H. Seifi proposed the Frequency Security Index (FSI), a comprehensive measure designed to assess frequency stability by evaluating all facets of the frequency profile. The FSI evaluates both the transient and steady-state dimensions of frequency stability, taking into account the specific requirements and standards associated with each power system’s boundaries [15]. Reference [16] used a fixed droop coefficient to control the energy storage output and proposed a configuration strategy to optimize the storage capacity. N. Nguyen, A. Bera, and J. Mitra introduce a novel approach for integrating energy storage within the current system to enhance its reliability and ensure the stability of system frequency [17]. Xu Wei and Dong Liu proposed an optimized energy storage scheme that improves system frequency safety [18]. In [19], an adaptive frequency droop control strategy was proposed that considered the state of charge (SOC) to avoid the over-charging and over-discharging of the BESS by utilizing a variable regulation factor control method. Atri Bera and Nga Nguyen purposed a probabilistic method for determining the necessary inertia a system needs to maintain frequency stability. This method accounts for the decrease in overall system inertia resulting from the replacement of traditional synchronous generation with wind power, as well as the inertia loss from the forced shutdowns of conventional units [20].



In system frequency stabilization, the standard measure is installing power system stabilization (PSS). However, the effectiveness of PSS in suppressing low-frequency oscillations depends on the parameter setting. Moreover, the PSS is not able to be adaptive to the variable conditions of generators and systems [21,22,23]. For this purpose, A. Khodabakhshian, M.R. Esmaili, and M. Bornapour proposed a composite power control strategy in [24] to regulate the system frequency deviation with active power control, while improving the system damping level with reactive power modulation. R., K.V., and A.M. investigated the coordinated control of wind farms and battery storage systems, where the wind storage integrated system is modeled as a point-source external force with the consideration of the system continuum representation form. Moreover, the influence of the injection point of the wind storage system on the system damping was analyzed by comparing the oscillation spectrum [25]. S., C., F.G. D., and C. A. proposed an integration of a heuristic dynamic algorithm based on a power oscillation damping (POD) by utilizing the PSO for the energy storage system controller design to suppress regional oscillations [26].



The above research has contributed to the analysis and application of ESS technology and the frequency safety of systems. However, considering the comprehensive needs of new energy power systems, including frequency safety and frequency stability, the core objectives of existing energy storage technologies are mostly limited to one function, which cannot fully meet the operational needs of power systems. Therefore, in order to meet the multi-dimensional needs of new power systems, it is essential to design multi-functional energy storage controllers under conditions that simulate natural operating environments to enhance the safety of systems containing high proportions of wind power.



A controller based on digital twin technology is designed to improve the safety of systems, taking the combined wind storage grid-connected system as the research object. The proposed controller can simultaneously smooth out active wind power fluctuations and optimize reactive power, participate in system frequency regulation, and improve system damping to suppress low-frequency oscillation problems based on simulating the actual operating environment of the system. This paper firstly analyzes the wind storage linearized system based on the establishment of a digital twin model, laying the foundation for the subsequent controller design; secondly, it proposes the design structure of an energy storage controller; thirdly, based on the MPC algorithm, it presents a control method for energy storage to smooth out active wind power fluctuations and optimize reactive power; finally, an analysis of the action path of the energy storage controller is conducted. The damping torque method is used to analyze the controller operation effect under different operating conditions while maintaining the economy and stability of the system. Through the above design process, the multi-functional energy storage controller is designed to integrate active power smoothing, reactive power optimization, and frequency safety and stability control; the two-area system is built in PowerFactory to verify the efficacy of the proposed frequency security controller.




2. Wind Storage Integrated System Model


In this section, the wind storage integrated system model is established, followed by an introduction to the control structure of the ESS.



2.1. The Grid-Connected Model for Wind Storage Systems


The diagram of the grid-connected structure for wind storage systems is shown in Figure 1, which consists of a conventional synchronous generator, a wind farm, an energy storage system, and an energy storage manager. The LC-type filter is adopted in both the wind farm (WF) and the ESS. In Figure 1,   E   ∠     δ   E     is the internal electromotive force of the generator;     E   q    ,     E   q   ′    , and     E   f d     are the no-load, transient, and excitation electromotive forces of the synchronous generator, respectively;      U   t     ∠   δ   is the voltage at the end of the synchronous generator, and for simplicity, δ is regarded as the power angle;     U   A     ∠     δ   A     is the voltage of point A in Figure 1;     U   G     ∠   0   is the voltage at the point where the wind storage system and the synchronous generator are jointly connected to the grid;     i   s     is the outlet current;     i   w     is the outlet current of the WF;     i   E S S     is the outlet current of the ESS;     i   W E     is the total outlet current of the wind storage integrated system;     i   g     is the total line current;    x d ′    and     x   q     are the d-axis transient reactance and q-axis reactance;     x   s     is the outlet reactance;     x   w     is the outlet reactance of WF;     x   E S S     is the outlet reactance of ESS;     x   g     is the reactance between the wind storage synchronous generator integrated system and the infinite grid;     P   e     is the electromagnetic power;     P   W     is the output electromagnetic power of WF;     P   E S S     is the output electromagnetic power of ESS;     P   W E     is the output electromagnetic power of the wind storage system;     P   A     is the output electromagnetic power of the wind storage synchronous generator integrated system; and EMS is used to coordinate the power exchange within the wind storage integrated system.




2.2. The Control Model of the ESS


The ESS interfaces with the grid through a DC/AC inverter, and its control configuration is depicted in Figure 2.



In Figure 2,     u   d c     is the DC bus voltage of the energy storage converter;     u   s a    ,     u   s b    ,     u   s c     and     i   a    ,     i   b    ,     i   c     are the three-phase voltage and three-phase current at the grid connection point, respectively;     u   s d    ,     u   s q     and     i   s d    ,     i   s q     are the d and q axis components of the voltage and current of the energy storage system at the grid connection point;     R   a    ,     R   b    ,     R   c     and     L   a    ,     L   b    ,     L   c     represents the line resistance and the reactance between the ESS and the grid, respectively;     θ   g     is the phase-locking angle phase of the voltage of the energy storage system at the grid connection point;     S   a    ,     S   b    ,     S   c     are the control signals from the PWM at the grid connection point.





3. Research on Energy Storage Controller


This section outlines the design of the frequency security controller based on digital twin technology, which includes the following: (1) smoothing out power fluctuations; (2) frequency regulation (FR); and (3) power oscillation damping (POD).



Figure 3 illustrates the control framework for the energy storage, utilizing digital twin technology, which encompasses the wind farm and the energy storage system. The MPC-based controller is used for the fluctuation suppression, the frequency regulation unit for the frequency support, and the POD unit for the oscillation suppression.



Digital twin technology, through the application of artificial intelligence (AI) analytical methods, enables the acquisition and understanding of optimal operational data derived from the system’s functioning. This facilitates a detailed depiction of the system’s operational condition, mirroring its present state accurately. The digital twin technology application is illustrated in Figure 4.



Utilizing digital twin technology, a virtual representation of the actual wind storage system is achieved by generating a digital replica of the wind turbine utilizing data gathered through supervisory control and data acquisition (SCADA) systems. This process results in a digital version of wind farms that are interconnected with their real-world counterparts, providing a platform where control commands and data flows can be analyzed and forecasted. By transmitting data from the monitoring devices to the digital model, the real-time operating conditions of the turbines can be precisely mirrored in the digital simulation.



The integrated wind storage system is composed of wind turbines and storage, each equipped with SCADA units, featuring interfaces for data reception in both the wind farm (WF) and the energy storage system (ESS). This configuration ensures a seamless flow of operational data between the physical components and their digital counterparts. Digital twin technology, known for its speed and precision, is employed in this study to align data captured by real-time monitoring devices with a digital simulation model. This alignment allows for the comparison of simulated operational data against actual equipment performance, serving as a crucial tool for operational oversight.



3.1. Wind Farm Output Power Controller for Fluctuation Suppression


3.1.1. Controller for Fluctuation Suppression


The controller system for the fluctuation suppression is shown in Figure 5. The ESS interfaces with the system bus through a bidirectional converter. The controller for the energy storage system tracks the wind farm’s output power (    P   w    /    Q   w    ), the wind storage system’s output power     P   W E   /   Q   W E    , and the SOC of the energy storage system under real-time operating conditions. After that, the charge/discharge power commands     P   E S S _ c m d   /   Q   E S S _ c m d     are sent to the bi-directional converter of the energy storage based on the MPC algorithm.



The power sliding average filtering algorithm employs the mean wind power from the initial 30 s and the concluding 10 s around the current sampling point to compute a smoothed filtering control. The process unfolds as follows: each newly sampled wind power signal is accumulated in a window array. The array’s arithmetic mean is calculated using the wind power from the first 30 s and the final 10 s associated with the sampling point. Notably, the power for the last 10 s is forecasted using model predictive control (MPC). Subsequently, based on the degree to which actual wind power surpasses the forecasted value, the charging or discharging power of the ESS is determined. Figure 5 shows the control structure.



The energy storage controller adjusts the wind storage system’s output power     P   W E O     to minimize the energy storage system’s output, taking into account the current output power of the wind farm,     P   W E    , and the energy storage system’s State of Charge (SOC), while adhering to the power fluctuation constraints. The necessary charge or discharge power command for the energy storage converter     P   E S S _ c m d     is determined by the discrepancy between the optimal and actual output power of the wind storage system. Consequently, the combined output of the wind farm and the energy storage system constitutes the total output power of the integrated wind storage system.




3.1.2. Control System Design


To balance the power system’s stability and economic efficiency, the power fluctuation threshold for the wind farm is defined across two temporal scales: the output power variance of the wind storage system should not surpass 10% of the wind farm’s rated capacity on a minute-by-minute basis, and it should not exceed 30% of the rated capacity over thirty-minute intervals [27]. Implementing these limitations significantly enhances the power system’s stability.



The remaining capacity of the energy storage system     B   E S S     i     is assumed to be


   B  ESS    i  =  B  ESS    0  − Δ t   ∑  j = 1   i − 1     P  ESS    j     



(1)







The objective function of the MPC control model is to minimize the output of the energy storage system:


  m i n J =   ∑  j = 1  i      P  ESS    2   j     



(2)







The constraints of the MPC control model are as follows:



(1) The wind farm power fluctuation limit constraint.



To meet the fluctuation limit constraint, the output power within each 1 min and each 30 min is modeled as follows:


      m a x  P  WE     i − k   − m i n  P  WE     i − k   ≤ 0.1  P  wind       m a x  P  WE     i − k   − m i n  P  WE     i − k   ≤ 0.3  P  wind        



(3)







(2) The capacity constraint of ESS.


  S O  C  m i n   ≤  B  ESS   ≤ S O  C  m a x    



(4)







(3) The output power constraint of ESS.


  0 ≤  P  ESS   ≤  P  wind    



(5)







In Equation (5), the configured energy storage capacity does not exceed the ability of the wind farm.



(4) The charge/discharge power constraints of ESS.


       P  ch   = m i n     S O  C  m a x   − S O C   i − 1        B  ESS     Δ T   ,  P  ESS          P  di   = m i n     S O C   i − 1   − S O  C  m i n        B  ESS     Δ T   ,  P   ESS _  m a x          



(6)




where   Δ T   is the charge/discharge cycle of ESS.



For any moment K, the MPC controller uses the present state as the starting point and calculates the charging or discharging power of the energy storage based on the variance between the actual and forecasted output power of the wind turbines. Consequently, the controller for mitigating power fluctuations in the wind farm is crafted around these specified constraints and control techniques.





3.2. System Frequency Regulation and Power Oscillation Suppression Controller


3.2.1. Model Analysis


The synchronous generator rotor motion state reflects the system frequency dynamics. A third-order model of the synchronous generator is utilized [28], and the rotor motion equations and excitation winding equations are as follows:


        d Δ δ   d t   = Δ ω      T j    d Δ ω   d t   + D Δ ω = Δ  P m  − Δ  P e       T  d 0  ′    d  E q ′    d t   =  E  fd   −    E q ′  +    x d  −  x d ′     i d         



(7)




where     T   j     is the inertia time constant;     T   d 0   ′     is the generator excitation time constant; D is the damping constant;     E   f     is the stator excitation electromotive force;     i   d     is the d-axis component of the output current;     P   m     is the mechanical power;     P   e     is the electromagnetic power; and   δ   and ω are the power angle and electric angular velocity, respectively.



In addition, the model of the first-order excitation system of the synchronous generator is as follows:


   T E    d  E  fd     d t   = −  K E  Δ  U t  −  E  fd    



(8)







In Equation (8),     T   E     is the time constant;     K   E     is the gain constant; and     U   t   =    U   d   2   +   U   q   2      is the terminal voltage of the generator.



There are three ways to adjust the electromagnetic power other than changing the structure of the grid-connected system: (1) adjust the electromagnetic power directly by changing the power angle; (2) adjust the excitation system to change the internal electromotive force; and (3) change the terminal voltage. Therefore, Equation (9) can be built:


      Δ  P e  =  K 1  Δ δ +  K 2   E q ′      Δ  E q  =  K 3  Δ δ +  K 4   E q ′      Δ  U t  =  K 5  Δ δ +  K 6   E q ′       



(9)




where the parameters     K   1   −   K   6     are consistent with those in the classical Heffron–Phillips model.



Through the control of the ESS controller, the electromagnetic power of the synchronous generator is adjusted to enhance the inter-unit damping, which in turn regulates the system frequency for the suppression of low-frequency oscillations.




3.2.2. Integrated Control System Design for Frequency Safety and Stability


In this section, to improve the frequency safety and stability, an integrated control system with FR control and POD control is designed, in which the FR controller is attached to the active power control, including the filtering link, the virtual inertia control link, and the limiting link, providing compensation and amplitude limiting.



The proposed controller can be constructed, and the structures are similar. The control schematic is depicted in Figure 6.



In Figure 6,     K   P O D     is the gain coefficient, which works on the damping strength directly;     T   w     is the time coefficient of the washout filter, and the washout filter mainly plays the role of (1) isolating the DC link; (2) preventing the system from participating in the regulation during the steady-state process; and (3) eliminating the steady-state error;     T   l e a d     and     T   l a g     are the control coefficients of the phase compensation link, and the phase compensation link plays a role in adjusting the phase so that the controller can provide positive damping;     T   t v     is the filter time constant;     K   p v     and     K   d v     are the control constants of the virtual inertia;     T   f i l     is the filter time constant of the energy storage system control link;     K   p     and     K   I     are the control constants of the PI link;     T   d e l     is the constant of the time delay link;   Δ   P   P O D     and   Δ   Q   P O D     are the compensated power provided by the POD controller; and   Δ   P   F R E     is the active power supplied by the FR controller. The mathematical expressions are as follows:


      Δ  P  POD   =  K   POD 1      s  T w    1 + s  T w          1 + s   T  lead     1 + s  T  lag       n  Δ f = M  s  Δ f     Δ  Q  POD   =  K   POD 2      s  T w    1 + s  T w          1 + s   T  lead     1 + s  T  lag       n  Δ f = N  s  Δ f     Δ  P  FRE   =    K  pv   + s  K  dv     1 +  T  tv     Δ f      



(10)







In Equation (10), M(s) and N(s) are the transfer functions for power compensation.



Combining Figure 5 with Equation (10), the overall transfer function structure of the system can be deduced, as shown in Figure 7.



It can be seen from Figure 7 that the effect of the energy storage system on the synchronous generator is mainly through three paths: (1) directly change the system electromagnetic power; (2) change the system electromagnetic power by changing the excitation electromotive force; and (3) change the system electromagnetic power by changing the terminal voltage of the synchronous generator, which in turn affects the excitation electromotive force.



Hence, we obtain the following:


   G 1   s  =    K 4    1 +  K 4   T  d 0  ′  s   ,  G 2   s  =  1   T J   s +  D   ,  G E   s  =    K E    1 +  T E  s    



(11)







In Equation (11), G1 (s), G2 (s), and GE (s) are the coupling channels of the system synchronous generator, while the green and red (blue for reactive power) lines in Figure 7 are the additional coupling channels.



The compensation power injected into the synchronous generator system by the energy storage system can be deduced from the transfer function diagram in Figure 7. Specifically, when the POD controls the output active power compensation, the injected power is as follows:


    Δ  P e   s    =    A 1  −    K 2   G 1   s     A 2   A 3   G E   s      1 +  K 6   G 1   s   G E   s      M  s  Δ f +             A 1  −    K 2   G 1   s     A 2   A 3   G E   s      1 +  K 6   G 1   s   G E   s         K  pv   + s  K  dv     Δ f      =    A 1  −    K 2   G 1   s     A 2   A 3   G E   s      1 +  K 6   G 1   s   G E   s        M  s  +    K  pv   + s  K  dv       Δ f    



(12)







When reactive power compensation is used for POD control, the injected power is as follows:


    Δ  P e   s    =    B 1  −    K 2   G 1   s     B 2   B 3   G E   s      1 +  K 6   G 1   s   G E   s      N  s  Δ f      +    A 1  −    K 2   G 1   s     A 2   A 3   G E   s      1 +  K 6   G 1   s   G E   s         K  pv   + s  K  dv     Δ f    



(13)







The active output power of ESS in Equation (12) includes two parts. One part of the active power is used for frequency regulation, while the other part is used to enhance system damping to suppress oscillation. The ESS output power is shown in Equation (13). The active output power is used to regulate the system frequency, and the reactive output power is used to enhance system damping. The parameters in the equation are shown in Appendix A.




3.2.3. Control Parameter Design Principles


The gain coefficient of the POD controller KPOD works on the controller damping effect. Hence, when the value of KPOD is settled, it is essential to factor in the constraints on output compensation power capacity to guarantee it does not surpass the energy storage system’s total capacity. Additionally, the impact of the controller’s output power on the voltage at the synchronous generator’s terminals should be monitored to ensure fluctuations. Then, washout filter time constant Tw is set to allow a specific range of band.



The low-pass filter in the FR controller is used to mitigate the sudden changes in frequency. Meanwhile, the PI controller use to reduce the frequency error, and the design objective is to reduce the frequency error within the recommended deadband of the governor, so that unnecessary governor action can be avoided. Under these conditions, the control coefficients can be selected, with the trial and error method, to consider the frequency regulation effect and achieve the most obvious damping effect. The design parameters for the POD and FR controllers are shown in Appendix B.






4. Simulation Analysis


To validate the influence of the additional active control link coefficients of the wind turbine on the low-frequency oscillation characteristics, we built a four-generator and two-area system based on the PowerFactory-DIgSILENT 2019 SP4 simulation software, as shown in Figure 8, with the WF connected at bus 6. The simulation parameters are shown in Appendix C [29].



4.1. Power Suppresses Controller


The WF output power at variable wind speeds after applying the MPC algorithm to suppress the fluctuation is shown in Figure 9 (the blue curve).



As shown in Figure 9, the original output power fluctuates strongly within 15 min. At the same time, the proposed algorithm can effectively smooth out the fluctuation so that the synthetic output power meets the power smoothing index.



The output reactive power curve and voltage curve is shown as the red curve, and the output curve after connecting the energy storage controller is shown as the blue curve in Figure 10.



As shown in Figure 10a, the reactive output power fluctuates strongly when the WF is not equipped with the ESS controller. In contrast, the energy storage controller quickly compensates for the reactive power and keeps the system power factor close to 1. The output voltage curve of the WF is shown in Figure 10b, which also demonstrates this conclusion.




4.2. Simulation of the Effectiveness of Frequency Security Control


This section delves into analyzing the effectiveness of the suggested frequency security controller via time-domain simulations. The controller’s versatility is tested against various system faults to confirm its practicality. The WF is simulated with a loaded dip. Four different scenarios are presented and compared: (1) No control; (2) FR control; (3) POD control; and (4) FR + POD control;



The simulations were conducted for load increases of 30 MW and 100 MW in area 1.



(1) The 30 MW load increase in area 1: Figure 11 presents the responses when a 30 MW load increase is applied in area 1 at 70 s. It is noted that the 30 MW load is below the configured ESS capacity in the WF.



The sudden load increase of 30 MW in area 1 initiates an under-frequency case. As shown in Figure 11a, the system frequency drops to 49.975 Hz after the disturbance without FR control, and the proposed FR control reduces the frequency deviation. As seen from Figure 11b,c, the FR had a small but insignificant impact on the inter-tie power flow and the voltage at the terminal of the WF. Integrating POD into the system markedly enhanced the damping of low-frequency oscillations in the inter-area oscillatory mode.



(2) The 100 MW load increase in area 1: similar to the previous case, at t = 70 s, a load increase of 100 MW was simulated in area 1. Figure 12 presents the system’s responses to the large disturbance.



In this case, as seen from the simulation results in Figure 12, for larger disturbances, it is clear to observe that when the FR + POD controller is activated, the control integrated into the BESS improves the frequency stability of the system. Similar to the results of the load reduction of 100 MW, the low-frequency oscillatory damping of the inter-area oscillatory mode was significantly improved.



In general, the simulation results under the load increase case show that the controller has an effect when the load is reduced and is equally effective in improving system stability when the load is increased.





5. Conclusions


This paper proposes a novel frequency security controller. A linearized model of the wind storage system based on digital twin technology was established, and the design functions include the following: (1) smoothing of wind farm active power fluctuations and compensation for reactive power; (2) regulation of the system frequency; and (3) power oscillation damping. Thereby, the operational stability of the power system was maximized.



The controller uses the flexible response characteristics of the ESS to smooth out the WF output active power and compensate for its reactive power on a long-term scale under the premise that the configured ESS capacity is reasonable and to improve the system frequency stability. The FR control adds a PI controller to the power control loop of the energy storage system to eliminate system frequency deviations; the POD control is a phase compensation link that can be added to the active power control loop of the ESS or the voltage control loop.



This study validates the efficiency of the frequency security controller using a classical four-generator, two-area system simulated in DIgSILENT. The proposed novelty frequency security controller offers optimal performance in wind farm power optimization, system frequency regulation, and power oscillation damping compared to separate active and reactive power smoothing controls, FR control, and POD control in the current study. The controller exhibits the following features in its various functions.



	(1)

	
Power fluctuation smoothing







In the long-term regulation process, without the addition of active power fluctuation smoothing and reactive power optimization control, the original output wind power fluctuates strongly within 15 min. The proposed algorithm can effectively smooth the fluctuating power so that the synthetic output power is in agreement with the power smoothing index. The energy storage controller is connected to quickly compensate for the reactive power and keep the system power factor as one.



	(2)

	
Frequency security control







In significant load disturbances, where the load fluctuates beyond the configured energy storage capacity, the frequency security controller effectively reduces the frequency deviation and suppresses power and voltage oscillations.



This paper illustrates the distinctive ability of the frequency security controller to deliver integrated services based on dynamic real and reactive power. These capabilities can be applied to wind storage systems through agreements between the system operator, relevant utility, and the wind farm owner. Offering such active/reactive power-based support services could introduce new economic advantages to power systems. In a subsequent study, the authors will investigate the optimal configuration parameters of the joint FR + POD control to optimize the frequency security control.
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Appendix A


Based on the system shown in Figure 1 and referring to the Heffron–Phillips model, a linearized model of the ESS controller based on active power compensation is derived, as follows:


      Δ  P e  =  A 1    Δ  P  FRE   + Δ  P  POD     +  K 1  Δ δ +  K 2   E q ′      Δ  E q  =  A 2    Δ  P  FRE   + Δ  P  POD     +  K 3  Δ δ +  K 4   E q ′      Δ  U t  =  A 3    Δ  P  FRE   + Δ  P  POD     +  K 5  Δ δ +  K 6   E q ′       



(A1)







In Equation (A1), the coefficients A1, A2, and A3 depend on the system structure and operating conditions, which are as follows:


       A 1  =    x g     U  WE  2           U  WE q 0      x q  +  x s  +  x g       E  q 0  ′  +    x q  −  x d ′     I  d 0         +    U  WE d 0      x d ′  +  x s  +  x g       x q  −  x d ′     I  q 0            A 2  =    x g     x d ′  −  x d     U  WE d 0        x d ′  +  x s  +  x g     U  WE  2         A 3  =    x g     U  WE  2   U  t 0          U  WE d 0    U  q 0    x d ′     x d ′  +  x s  +  x g    −    U  WE q 0    U  d 0    x q     x q  +  x s  +  x g           



(A2)







The linearized model of the energy storage controller based on reactive power compensation is as follows:


      Δ  P e  =  A 1  Δ  P  FRE   +  B 1  Δ  P  POD   +  K 1  Δ δ +  K 2   E q ′      Δ  E q  =  A 2  Δ  P  FRE   +  B 2  Δ  P  POD   +  K 3  Δ δ +  K 4   E q ′      Δ  U t  =  A 3  Δ  P  FRE   +  B 3  Δ  P  POD   +  K 5  Δ δ +  K 6   E q ′       



(A3)







In Equation (A3), the coefficients     A   1    ,     A   2    ,     A   3     are the same as in Equation (A1), and the coefficients     B   1    ,     B   2    ,     B   3     also depend on the system structure and operating conditions:


       B 1  =    x g     U  WE  2           U  WE d 0      x q  +  x s  +  x g       E  q 0  ′  +    x q  −  x d ′     I  d 0         −    U  WE q 0      x d ′  +  x s  +  x g       x q  −  x d ′     I  q 0            B 2  =    x g     x d ′  −  x d     U  WE q 0        x d ′  +  x s  +  x g     U  WE  2         B 3  = −    x g     U  WE  2   U  t 0          U  WE q 0    U  q 0    x d ′     x d ′  +  x s  +  x g    +    U  WE d 0    U  d 0    x q     x q  +  x s  +  x g           



(A4)








Appendix B


In this research, the FR controller parameter range was determined from Figure A1, where     K   t v     = 0.12,     K   p v m a x     = 9,     K   p v m i n     = 4,     K   d v m a x   = 26  , and     K   d v m i n   = 14  .


     K   t v   = 0.12 ,     K   p v   = 6 ,     K   d v   = 18  .  
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Figure A1. Control parameter design flow. 






Figure A1. Control parameter design flow.
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POD controller parameters:


      K   P O D   = 700   ,     T   w   = 10   ,     T   l e a d   = 0.5226   ,     T   l a g   = 0.2103 .    
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Table A1. Synchronous generator parameters.






Table A1. Synchronous generator parameters.





	Term
	Parameters





	Rated active power output
	720 MW



	Inertia time constant H (rated to Sgn)
	6.5



	Mechanical damping
	0



	Stator resistance, ra
	0.0025



	Stator leakage reactance, xl
	0.2



	Synchronous reactance, xd, d-axis
	1.8



	Synchronous reactance, xq, q-axis
	1.7



	Transient reactance, xd’, d-axis
	0.3



	Transient reactance, xq’, q-axis
	0.55
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Figure A2. Block diagram of static exciter of SG. 






Figure A2. Block diagram of static exciter of SG.
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Table A2. DPMSG parameters.






Table A2. DPMSG parameters.





	Term
	Parameters





	Rated active power output
	4 MW



	Stator rated voltage
	0.72 kV



	Power factor
	1.0



	Pair of poles
	60



	Rated rotor speed
	7–12 r/min



	Stator phase resistance
	0.005 p.u.



	Direct axis reactance
	1.5 p.u.



	Quadrature axis reactance
	1.5 p.u.










 





Table A3. ESS parameters.






Table A3. ESS parameters.





	Term
	Parameters





	Rated active power output
	3 MW



	Stator phase resistance
	0.008 p.u.



	Direct axis reactance
	1.2 p.u.



	Quadrature axis reactance
	1.2 p.u.
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Figure 1. Structure of the wind storage integrated system connected to the grid. 






Figure 1. Structure of the wind storage integrated system connected to the grid.
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Figure 2. Control of the ESS converter. 






Figure 2. Control of the ESS converter.
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Figure 3. Structure of the multi-functional energy storage controller. 
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Figure 4. Schematic diagram of the application of digital twin technology. 
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Figure 5. Schematic diagram of the control. 






Figure 5. Schematic diagram of the control.
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Figure 6. Integrated control block diagram. 
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Figure 7. Structure of the system transfer function. 






Figure 7. Structure of the system transfer function.
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Figure 8. Four-generator and two-area system. 
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Figure 9. Comparison of wind farm original and smoothed power curve. 
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Figure 10. Comparison of (a) wind farm output reactive power curve and (b) output voltage curve. 
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Figure 11. The system’s responses to the load increase of 30 MW. (a) System frequency. (b) Line active power. (c) WF voltage. 
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Figure 12. The system’s responses to the load increase of 100 MW. (a) System frequency. (b) Line active power. (c) WF voltage. 
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