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Dynamic voltage stability analysis and control of power systems with large-scale penetration of renewable energy have gained significant attention in relevant fields. This article provides the latest development of dynamic voltage support technology under such a scenario, covering the following four main aspects. Firstly, the mechanism and challenges of dynamic voltage analysis with the development of large-scale renewable energy are described, and the state-of-the-art status and problems of dynamic voltage support are discussed. Second, the aggregation modeling method suitable for dynamic voltage support of both photovoltaic (PV) and wind farms is analyzed, considering the dynamic voltage response characteristics and control technologies. Then, the innovation of multi-types reactive power sources coordinated control based on autonomous decentralized control and its realization are discussed. Finally, the key problems of dynamic voltage support technology to be solved in the renewable energy-penetrated power grids are described, and the future research and development work is outlined.
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1 INTRODUCTION
The large-scale penetration of renewable energy is deeply changing the operation characteristics of the traditional power grids. Renewable generations are characterized by stochasticity, decentralization, low inertia, and low immunity (Wu et al., 2023a; Zhang et al., 2023; Zhang et al., 2024; Huang and Xu, 2024). Both the steady-state operation and dynamic process of the grids, as well as the frequency and voltage characteristics, will change to significantly with the high penetration of renewable resources (Huang et al., 2024; Shang et al., 2022).
The frequency and power angle problems essentially result from the imbalance of the active power, which is determined by the frequency support of renewable-penetrated power grid as discussed in Reference (Chen et al., 2024). Thus, this article focuses on the dynamic voltage problem and the relevant control technologies of the renewable generations.
The emergence of dynamic voltage problem in large-scale renewable-penetrated power systems is brought about by the following intrinsic properties: 1) Fluctuating output power of renewable energy units will exacerbate the power imbalance of the system, thereby causing voltage fluctuations; 2) The transmission and consumption of large-scale renewable generations are usually based on high-voltage direct current (HVDC) devices, which may face challenges such as power regulation, commutation failure, and unipolar/bipolar blockages, leading to active/reactive power variations and aggravating dynamic voltage issues; 3) With increasing renewable penetration, the grid strength dominated by conventional synchronous generators weakens, making the system more prone to dynamic voltage fluctuations. In practice, voltage problems caused by high-proportion renewable-penetrated grids have occurred in power supply centers (e.g., Xinjiang, Qinghai, Ningxia Province) and load centers (e.g., Shandong, Jiangsu Province) in China (Chow, 2023; He et al., 2021). While multiple factors contribute to grid stability, the low voltage support capabilities of some wind and PV generation systems have played a significant role in recent notable grid stability disturbances, such as the “9.28” South Australia blackout in 2016 (Australian Energy Market Operator, 2016) and the “8.9” United Kingdom blackout in 2019 (National Gid ESO, 2019).
On the other hand, renewable energy generations provide foundational support for grid regulation and control, despite their operational challenges. The operation of PV and wind generation systems is enabled by multiple types of converters, which offer advantages such as flexible control, rapid response, and decentralized deployment. Consequently, dynamic voltage control at the point of common coupling (PCC) can be achieved through well-designed control strategies.
Therefore, as shown in Figure 1, this paper first discusses the mechanism and technologies of dynamic voltage support for the renewable energy power generations in Section 1. Second, the basic control means of voltage profile are summarized and analyzed in Section 2. Then, the aggregated modelling method used for dynamic voltage support of PV and wind power plants is explored, followed by a description of decentralized coordinated control of multiple reactive sources. Finally, the paper concludes by pointing out the key issues that need to be further addressed for large-scale renewable-penetrated power grids.
[image: Figure 1]FIGURE 1 | Flowchart of the article.
2 STATE OF ART IN DYNAMIC VOLTAGE SUPPORT OF RENEWABLE ENERGY POWER PLANT
Voltage problem is one of the basic problems in power system operation and control, which can be divided into steady-state and dynamic stage. In both stages, the voltage stability and voltage quantity are both significant. It should be noted that the voltage problem has great diversity in different time-scale in terms of description and solution.
Table 1 summarizes the voltage problem from the perspective of time-domain. The dynamic voltage problem is usually discussed in terms of root mean square (RMS), which refers to the characteristics of voltage changes during the transient process on time-scales of milliseconds to minutes, including voltage dips and rises, voltage variations in Table 1, all of which are dynamic voltage phenomenon (Hatziargyriou et al., 2021). These dynamic voltage phenomena may be caused by fluctuations in loads and power resources during the normal operation of the grid, or due to various types of faults. Dynamic voltage process and voltage stability are two closely related concepts: On the one hand, voltage stability is embodied through the process of dynamic voltage evolution; On the other hand, the control of voltage dynamics is the basic means to realize voltage stability control (Blaabjerg et al., 2023). Dynamic voltage support is defined to reduce voltage fluctuations and maintain a stable voltage level by providing “timely” and “appropriate” dynamic reactive power.
TABLE 1 | Description of voltage problems based on time-scale.
[image: Table 1]From the perspective of frequency domain, after the renewable energy generation is connected to the grid through the converters, the nonlinear behavior of the converter leads to harmonics in the voltage dynamics. At the same time, as a large number of renewable energy generations are connected, the power grid presents a smaller short-circuit ratio and damping ratio. Thus, the renewable energy plants and the power grid is prone to oscillation, the frequency of which ranges in tens to thousands of Hertz (Hatziargyriou et al., 2021), bringing about voltage fluctuations and stability problems. These issues have been systematically discussed in other references and will not be analyzed in depth in this article.
From the early stage of power systems, researchers have analyzed and studied the voltage problem and proposed systematic solutions. However, the large-scale penetration of renewable energy resources represented by PV and wind power has brought a series of essential changes to the operation and control of the grid, and the attributes of the voltage problem and its control strategy have also presented new features at multiple levels (Huang et al., 2024). During the decades of development of PV and wind power, the grid-connected technology has been continuously developed and progressed (He et al., 2021). Before 2010, the core of the technology lay in the maximum power tracking, which operates according to the fixed power factor, and is manifested as “unsupported and low disturbance” (Wu et al., 2023b). After 2010, with the increasing proportion of renewable energy capacity, these units have had a significant impact on the traditional power grids, and the voltage control strategy has also presented new characteristics at various levels.
With the more and more prominent impact of renewables on the power system operation, the industry has begun to carry out research and application of “grid-friendly” units, generally realizing reactive power regulation, low-voltage ride-through (LVRT) (Liu et al., 2014; Gong et al., 2023; Garcia and Santana, 2024; Martínez-Treviño et al., 2021; Fang and Zhang, 2022), and reactive power control in steady-state operation at the plant level (Cheng et al., 2023).
According to the national standards for energy industry, the requirement of converters used for connection of PV and wind power in normal operating conditions are as follows: When the output active power of inverter is greater than 50% of its rated power, the power factor should not be less than 0.98 (forward or lagging); The output active power at 20%∼50% of the rated power, the power factor should not be less than 0.95 (forward or lagging) (Fang and Zhang, 2022). It can be seen that the converter can provide 20%–30% of the rated capacity of reactive power under normal operation. For converters with grid support capability, 48% of the rated capacity of the reactive power can be dynamically supplied (Naz et al., 2021). In fact, the output reactive power can play an important role in voltage control.
The reactive power control modes can be adopted in different ways according to the needs of grid operation (Jiao et al., 2022), including constant voltage control, Q-V sag control, constant power factor control and constant reactive power control, etc. The converter is capable of accepting commands from the control system to output reactive power and switching between various control modes online (Tamboli and Jadhav, 2018).
2.1 Steady-state voltage control at renewable energy plant and the correlation with dynamic voltage support
For the reactive power/voltage control in the steady-state operation of the power grid, PV and wind farms have formed a mature control technology (Keskes et al., 2021; Chen et al., 2023; Djalal et al., 2023; Pal et al., 2023; Khan et al., 2021; Rajeev and Agarwal, 2020; Wang et al., 2021; Richard et al., 2020; Liu et al., 2023). So far, PV inverters, doubly-fed wind turbines (DFIG) and direct-driven wind turbines have generally adopted vector control technology, which realizes the decoupling control of active and reactive power, and lays the foundation for the reactive power support of PV and wind power plants to the power grid (Hadavi et al., 2022; Li et al., 2020; Qi et al., 2020; Fang et al., 2021; Ikram et al., 2023; Hadavi et al., 2022; Gui et al., 2024; Bhyri et al., 2024).
The automatic voltage control (AVC) system set up in renewable energy plant can maintain the voltage at the PCC within the required range by coordinating and controlling all the local reactive power resources using an optimization algorithm. The AVC system control strategy of a renewable energy plant is mainly carried out by coordinating the distribution of reactive power output from each reactive power resource in the plant. Reactive power allocation among units mainly includes: Equal power factor allocation, equal margin allocation, capacity sag allocation and optimal allocation. Optimized allocation is carried out by establishing an objective function and applying an optimization algorithm to calculate the reactive power output of each unit with reactive power regulation capability in the plant. The optimization objectives can be various, such as minimizing active losses, minimizing voltage fluctuations at the PCC of the wind farm, and minimizing operating costs, etc. The commonly used optimization algorithms are traditional optimization methods, such as interior point method and intelligent algorithms such as genetic algorithm and particle swarm algorithm.
The steady state reactive power regulation of renewable energy plants has been generally realized worldwide (Xu et al., 2021; Ahn et al., 2014; Ahn et al., 2013; Wu and Wang, 2021; Zhang et al., 2021). Wind farms from GE could realize reactive power/voltage control with a delay time of 100 ms and a response time of 400 ms in 2004 (Liu et al., 2014). In China, the research of reactive power/voltage control strategies and the development of devices for PV and wind farms started around 2006 (Zhao et al., 2023). Nanrui, Xuji and other electrical equipment companies have developed advanced AVC systems, which have been successfully applied to the voltage control of renewable energy plants (Liu and Wang, 2021).
The relevant departments of China have jointly launched a specification for reactive power configuration for wind power plants (Xia et al., 2016), which sets out clear requirements for the configuration and control of reactive power. Although the steady-state voltage problem is very different from the dynamic voltage problem in terms of time-scale, measurement indicators and control measures, the two are also closely related.
On the one hand, PV and wind power converters have fast reactive power regulation capability, and various reactive power compensation devices configured in renewable energy plants, such as static reactive power compensator (SVC) and static var generator (SVG) are capable of achieving dynamic voltage regulation (Palanimuthu et al., 2023). These devices involved in steady-state voltage regulation are also the basis of the equipment to achieve dynamic voltage support. On the other hand, the steady-state operating state of the converter determines the static operating point of reactive power regulation, which is related to the range and margin of dynamic reactive power regulation (Ibrahim et al., 2022).
The steady-state reactive power control process should also enable the renewable power plants to have sufficient reactive power reserve capacity to cope with system faults and provide effective voltage support during the transient process. The following section focuses on the dynamic voltage support of PV and wind farms and discusses the dynamic voltage support of different types of standalone devices, the aggregation response characteristics at the plant level and the coordinated control strategies between different reactive power resources.
2.2 The research of the dynamic voltage support at renewable energy plant
With the development and implementation of the renewable-penetrated power systems, when the proportion of renewables is greatly increased to become the main body of power systems or even the main body of power quantity, the dynamic voltage support from the renewable units has become critical, and has become one of the common concerns of the power system (Tong et al., 2015).
Active support based on auxiliary devices, including crowbar protection, is commonly applied in DFIGs to limit over currents in the rotor, thereby protecting the converters (Naderi et al., 2019). However, activating crowbar protection places the DFIG in asynchronous operation, consuming significant reactive power, and deteriorating the wind farm voltage, which is detrimental to voltage recovery in wind power grid-connected systems (Firouzi and Gharehpetian, 2018). Utilizing a DC-link chopper can effectively suppress internal over voltages within wind turbine generators (WTGs) and enhance the wind turbine’s voltage disturbance rejection capability (Dong et al., 2021). Implementing fault current limiters (FCLs) is an effective solution for addressing fault current exceeding limits in wind power systems. This device can significantly improve the WTG’s LVRT capability, providing strong support for the application of DFIG transient voltage active support technologies (Ahmidi et al., 2012). Current research indicates that applying FCLs during grid faults has a positive effect on maintaining the WTG’s reactive power voltage support capability.
The Dynamic Voltage Restorer (DVR) is an effective device for mitigating grid voltage sags, enabling wind power transient voltage active support, and enhancing the LVRT capability of WTGs and wind farms. In practical applications, the DVR is typically connected in series between the WTG and the grid via an injection transformer. It serves to isolate grid faults, rapidly restore voltage, and improve the WTG’s LVRT performance (Torkaman and Keyhani, 2018). Its topology and typical control scheme are illustrated in Figure 2. Literature (Chen et al., 2018) demonstrates that a DVR can maintain the wind turbine’s terminal voltage under fault conditions and achieve voltage sag compensation for the wind power grid-connected system. The combination of FCLs and DVRs, as explored in (Flannery and Venkataramanan, 2008), effectively enhances the WTG’s immunity to disturbances and increases the unit’s voltage support capability during faults. Integrating a DVR with an energy storage system (ESS), as presented in (Kanjiya et al., 2014), can effectively suppress wind power fluctuations and compensate for grid voltage disturbances.
[image: Figure 2]FIGURE 2 | Topology and typical control of dynamic voltage restorer. (a) Topology. (b) Control mode.
Furthermore, some scholars have proposed modifying the topology of wind turbine generators to improve their fault ride-through performance and active voltage support capabilities. Literature (Ambati et al., 2015) proposes a WTG topology based on series converter compensation of grid voltage to support the voltage at the wind power grid-connection point under fault conditions. Through the improvement of the DFIG grid-side converter structure, wind farms can meet the reactive power needs of the grid-connected system and eliminate the influence of grid voltage changes on the wind power system operating voltage, as demonstrated in (Zhu et al., 2017). Active transient voltage support technology of DFIGs based on auxiliary devices relies on the correct and effective operation of external devices. This technology can not only improve the LVRT performance of wind turbine generators, but also enable the wind farm to inject reactive power into the grid-connected system during grid faults, realizing active support for the grid transient voltage support of the wind farm.
Active support methods based on wind power’s own control strategy are important measures to maintain voltage stability of new power systems with wind power as the core power source. Transient voltage active support technology based on wind power’s own control strategy can realize the safe grid connection operation of wind power from the control perspective and make full use of the available reactive power capacity of the unit to implement voltage support for the grid-connected system under fault conditions. Low voltage ride-through control technologies, such as rotor current control (Zhou and Blaabjerg, 2018), de-excitation control (Xie et al., 2013), and improved speed control (Li et al., 2018), can improve the wind turbine’s operating control to achieve the purpose of suppressing the unit’s overcurrent and overvoltage. This type of control can effectively protect operating equipment, improve and enhance the transient operating characteristics and LVRT capability of wind turbines, and lay the foundation for the implementation of active support technology in DFIG wind farms. Transient voltage active support technology based on the WTG’s own control strategy can actively provide reactive power to the grid and assist in restoring system voltage during grid voltage dips by adjusting the control structure, improving the control strategy, and optimizing the control algorithm. In terms of adjusting the control structure, current research mostly adopts the method of adding control links to achieve active support. In terms of optimizing control algorithms, multiple types of optimization methods are used to improve the control performance of the unit. Based on the coefficient of variation method, literature (Huang et al., 2019) proposes a multi-machine reactive power support allocation method and reactive power control method considering the operating differences within the wind farm. A typical control schematic diagram of transient voltage active support technology based on the unit’s own control strategy is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Typical control diagram of transient voltage active support technology based on the control of unit.
The role of PV and wind turbines in supporting the dynamic voltage of the power grids starts with the importance, development and application of low/high voltage ride-through (LVRT/HVRT) technologies of the units (Du et al., 2021). The LVRT standard specifies the fault ride-through capability for magnitude and time durations of different voltage dips as well as the response time of dynamic reactive current and the relationship between different voltage dips and the dynamic reactive current provided (Xia et al., 2016).
The application of these technologies and the implementation of the standards have improved the support of renewable units for dynamic voltage to a certain extent (Joseph et al., 2020; Lee et al., 2021). However, up to now, the LVRT and HVRT technologies are still limited to the fault ride-through of single units, and the research hotspots mainly focus on the negative sequence current control under asymmetrical fault at the level of single units, high voltage ride-through, and continuous ride-through realization.
Virtual synchronous generator (VSG) technology can improve the voltage stability in the weak grid (Mohiuddin and Qi, 2022), but due to the overload capacity limitations, low-voltage process is usually switched to phase-locked synchronous current source control mode, which cannot present a real characteristic of dynamic voltage source (Alonso et al., 2022).
In recent years, some enterprises and research institutions in China have carried out new support technologies: Nanrui has piloted fast power regulation technology for PV plants in Tibet, Inner Mongolia, Gansu, Yunnan and other places since 2018, adopting GOOSE communication protocol to greatly reduce communication delay. Therefore, the response time of active and reactive power control can be reduced to 30 ms in non-fault conditions (Chen et al., 2023).
In conjunction with the actual situation in China, China Electric Power Research Institute has researched the technology to improve the dynamic stability and consumption capacity of PV and wind power plants through the dynamic control strategy and parameter optimization, which and has achieved good performance (Aboshady et al., 2023). However, these techniques focus on the initiative regulation of PV and wind power plants, emphasizing the role of centralized control.
The above analyses show that the problem of voltage support for PV and wind farms in steady state and small disturbance scenarios for a high proportion renewable penetrated power grids has been basically solved. However, the support for dynamic processes considering large disturbances is still limited to fault ride-through at the single-unit level.
In the future, renewable energy will play a dominant role in the security and stability of the power system, and there is an urgent need to expand the support scenario of PV and wind power from steady state and small disturbances to dynamic and large disturbances, and to expand the support mode from single-unit response to single unit-plant-grid cooperative.
3 BASIC MEANS OF DYNAMIC VOLTAGE CONTROL
In response to the fluctuation of voltage, renewable energy plants need to compensate enough reactive power to ensure the stability of voltage (Qiao et al., 2009). At present, China has put forward relevant specifications for the reactive power compensation capability of renewable energy plants, requiring wind farms and PV plants to be equipped with reactive power compensation devices, and requiring wind turbines to be equipped with reactive power control systems and PV inverters to have reactive power compensation capability (Tong et al., 2015).
This section first introduces typical dynamic reactive power regulation measures, and then introduces voltage control techniques for PV inverters and wind turbine converters. Relevant reactive power control characteristics at the plant level will be discussed in Section 4.
3.1 Typical dynamic reactive power regulation measures
Typical dynamic reactive power regulation means include synchronous condenser, SVC, SVG, and direct current reactive power modulation, etc. (Qi et al., 2020). The advantages and disadvantages are listed in Table 2. Among them, the most common mechanical rotating reactive power compensation device: the synchronous condenser, is the earliest equipment applied to power system for dynamic reactive power regulation and voltage control. The synchronous condenser can be equivalently regarded as a synchronous generator with zero active power output. During normal operation, it works at synchronous speed and regulates the voltage by over-excitation or under-excitation according to the demand of the power grid (Richard et al., 2020; Liu et al., 2023; Hadavi et al., 2022; Li et al., 2020).
TABLE 2 | Comparison of typical dynamic reactive power regulation measures.
[image: Table 2]Because the synchronous condenser is a rotating device, the response process requires hundreds of milliseconds, which leads to high operation and maintenance cost, and necessitates investment in supporting starting and protection equipment. Thus, it was once regarded as an obsolete technology (Gui et al., 2024) However, in recent years, with a high proportion of renewable energy resources integrated into the power grid, new requirements on the inertia and dynamic voltage support of the system, synchronous condenser has gained favor again with a certain degree of rotational inertia support and characteristics of the dynamic reactive power compensation.
Static reactive power compensator (SVC) is a kind of static reactive power compensator that uses thyristors as the switching device composed of inductors, fixed or variable capacitors in parallel. The main SVC devices are thyristor switched capacitor (TSC), and thyristor controlled reactor (TCR)+fixed capacitor (FC), etc. A TSC can achieve zero voltage input and zero current withdrawal of reactive power compensation. A TCR + FC can continuously regulate the reactive power between output and absorption, so that the voltage can be quickly and dynamically regulated, with a response time between 50 and 100 ms.
Static reactive generators (SVG) are based on fully controlled devices that constitute the voltage-type or current-type grid-connected inverters, which can regulate reactive power quickly, stably and continuously, among these, voltage-source three-phase bridge inverters are the most widely used devices. SVG has two reactive output modes: Fixed reactive power control or specified voltage control of the PCC.
Compared with SVC, which requires large capacity capacitors or reactors, SVG only requires small capacity capacitors on the DC side and can both supply and absorb reactive power (Li et al., 2022). Moreover, due to the limitation of impedance of inductance and capacitance, the maximum current compensated to the grid by a traditional SVC decreases with the voltage reduction, while the SVG can adjust the AC voltage amplitude and phase by switching the device, and its maximum current compensation is not affected by the voltage magnitude (Xia et al., 2016).
In addition, SVG has a fast response speed, the response time from zero reactive power output to maximum reactive power output is about 20 ms (Ibrahim et al., 2022), which meets the requirement of national standard “Reactive Power Compensation Response Speed Less Than 30 ms”, and the harmonics are small, so it is gradually replacing SVC as the mainstream reactive power compensation device.
Conventional LCC-type HVDC transmission can be used to regulate the voltage of AC power grid by reactive power modulation (Lee et al., 2021). Especially when overvoltage occurs in the grid, the overvoltage can be suppressed by increasing the trigger angle and increasing the reactive power consumption.
In addition, in recent years, the rapid development and application of voltage-sourced converter (VSC) HVDC transmission technology, large-scale energy storage technology, etc., rely on the SVC, due to its active-reactive decoupling characteristics (Mohiuddin and Qi, 2022). The principle is similar to that of PV inverters and will be specifically discussed in the next Section.
3.2 Dynamic voltage control methods for PV and direct-driven wind power
Both PV and direct-driven wind farms use VSC-type converters with similar reactive voltage response characteristics among all the renewable energy plants. The control modes of VSC converters can be divided into grid-following (GFL) control and grid-forming (GFM) control (Zhang et al., 2021). The GFL requires a phase-locked loop to phase-lock the voltage at the PCC and to achieve synchronous grid connection (Zhao et al., 2023); the GFM actively constructs the grid voltage and frequency according to the output power of the converter.
Renewable energy plants in China require a certain period of time and a certain amount of reactive power support when a high/low voltage fault occurs in the system, and the grid-connected inverter switches the control mode and adopts an open-loop control strategy with a single current loop. When a high-voltage fault occurs in the system, the grid-connected inverter needs to switch the control mode without taking off the grid for a certain period of time, however, in contrast to LV faults, HVRT ability requires the grid-connected inverter to absorb reactive power, and at the same time, an increase of the voltage reference in the DC-side is usually used to stabilize the fluctuations in the DC-side voltage during the HVRT period (Palanimuthu et al., 2023).
In renewable energy plants, the generation unit usually executes after receiving the command issued for the plant. At this time, the fastest reported reactive power response time can already be comparable to SVG, which is about 23–27 ms (Lee et al., 2021). When high/low voltage faults occur, the voltage detection delay will be increased before the command is issued. The command issued at this time is usually difficult to meet the reactive power support demand during the fault period, so to improve the dynamic reactive power support capacity of the renewable energy plant, the high/low voltage control needs to be further studied.
Because of the stability problem in the weak power network, the converter should adopt the control mode in the grid with small short-circuit ratio and low system inertia (Alonso et al., 2022). At present, some scholars refer to the virtual synchronous machine control and have applied it to the PV and wind power to improve the stability of the system in low inertia and weak power grids (Aboshady et al., 2023).
In addition, commonly used GFM control also includes sag control and virtual oscillator control (Ghosh et al., 2023). The sag control can realize global power distribution without communication by simulating the sag curves of active power-frequency and reactive power/voltage of the synchronous generator (Camal et al., 2023). However, due to the influence of line impedance, accurate power distribution is difficult to achieve (Wang et al., 2024).
Virtual oscillator control obtains a sinusoidal voltage to the oscillator, which is used as a reference voltage to control the output of the inverter (Ghosh et al., 2023). Because the converter external characteristics are represented by the physical characteristics of the oscillator, the synchronization between different converters and power distribution can be achieved through the resonance principle of the oscillator (Camal et al., 2023).
It is important to note that VSC converters usually use insulated gate bipolar transistor (IGBT) fully controlled switching devices to achieve commutation, and the IGBT’s current flow capability has limitations (Palanimuthu et al., 2023). Therefore, when the system has a serious fault, even if the VSC converter uses a GFM control strategy, the VSC converter may degenerate into a fixed power control because of current limiting.
3.3 Reactive-voltage control methods for doubly-fed wind turbines
DFIG is currently the mainstream model for wind power generation. The stator of DFIG is directly connected to the grid-connected transformer; the rotor is connected to the grid-connected transformer through the rotor side converter (RSC) and the grid-side converter (GSC) (Chang et al., 2020). Controlled by RSC, the stator side outputs the maximum active power and inductive reactive power to maintain the voltage. GSC controls the rotor power output, similar to PV converters. When there is a transient voltage drop, the unit provides reactive power to the system to help restore the grid voltage.
The maximum reactive power output capacity of DFIG can reach more than 30% of the rated capacity. Based on the existing control strategy, the dynamic reactive response speed of the DFIG is about 60 ms (Bhyri et al., 2024). Compared with PV units, wind turbines are more prone to large-scale off-grid due to high voltage during voltage recovery. At present, some countries have required wind turbines to have HVRT ability. Literature (Du et al., 2021) proposes a method of realizing the HVRT through the collaborative control of the main control system and the converter of wind turbine. However, the existing research has not considered the influence of overvoltage on the electromagnetic characteristics of the unit, and HVRT technology must be studied further.
In addition, a virtual synchronous control strategy applied to DFIG has been proposed to simulate the rotor equation of synchronous generators, including active power control, reactive power control, damping control, etc. Virtual impedance control of DFIG is applied to RSC, while GSC still adopts voltage-oriented vector control based on phase-locked synchronization. However, when a voltage drop occurs in the power grid, virtual synchronous control will cause the RSC to be impacted by strong electromagnetic stress and rotor overcurrent, and the unit will face the risk of off-grid.
4 AGGREGATION CHARACTERISTICS OF DYNAMIC REACTIVE POWER SUPPORT FOR RENEWABLE POWER UNITS
4.1 The requirement of aggregation modelling
The PV and wind turbine units are dispersed with random and fluctuating output (Camal et al., 2023). Thus, their active/reactive output characteristics and voltage response characteristics are mainly determined by the control mode of power electronic devices. Existing research on renewable energy units has provided a mature summary for response characteristics at equipment level (Wang et al., 2024).
However, as the proportion of PV and wind units connected to the system increasing year by year, the role of renewables is gradually changing from auxiliary power supply to the dominant power supply of the power system (Li et al., 2022). Therefore, it is inevitable to set the maximum power tracking as the basic control objective of the controlled current source characteristics to support the voltage and frequency stability of the power system (Wang et al., 2016). The dynamic voltage control of power plants has become an important technical bottleneck restricting the development of renewable energy.
Based on the characteristics of voltage response at the PCC, it is difficult to achieve the analysis of dynamic characteristics through the model of the single unit when designing the dynamic voltage regulation strategy (Ibrahim et al., 2022). In order to accurately grasp the voltage response characteristics of renewable energy plants and fully reflect the dynamic reactive power support capability of PV and wind power plants under different control strategies and topologies, it is urgent to explore and establish of a dynamic voltage support research direction. The research on aggregation model for dynamic reactive power support should be able to fully reflect the autonomous decentralized response characteristics of the units under transient disturbances on the one hand, and characterize the overall effect and multi-time-scale dynamics of voltage support for the PCC in the plants on the other hand.
Providing an accurate analytical model for the dynamic voltage stability analysis of the power plants through an aggregation modelling is a prerequisite for the subsequent analysis of dynamic reactive power support and the design of reactive power compensation strategies, and is also the theoretical basis for the research of the coordinated control of renewable energy units and dynamic reactive power compensation equipment at the plant level.
4.2 Aggregation modelling methodologies
In view of the above modelling requirements, the aggregation modelling should take into account the external natural resources conditions and focus on the response characteristics of the aggregation model to the power system voltage fluctuation. However, there is still little literature on the aggregation modeling of dynamic voltage response characteristics at plant level, and the commonly used aggregation modelling methods for renewable energy plants mainly include mode equivalence method, Singular perturbation method and dynamic aggregation method.
According to the aggregation results, the commonly used aggregation modelling methods include aggregated single-machine modelling and grouped multi-machine aggregation modelling (Shang et al., 2022), which can be flexibly selected according to the analysis scenarios such as the size of the plants and the flexibility of the operating state. This type of modelling method essentially provides a method of simplification and downgrading model. In order to facilitate the design of control parameters, it is usually necessary to retain the mapping relationship between the overall characteristics of the plants and the parameters. Then, the parameter estimation or parameter aggregation is used to group the system to one unit.
The detailed description of the dynamic characteristics of renewable energy resources are still rarely taken into account in the existing aggregated modeling literatures (Camal et al., 2023). In fact, the difference of terminal voltage at different locations in actual operation will directly affect the working mode of the units, and whether they will enter the fault ride through mode.
In view of the research objectives of dynamic characteristics of voltage response, the clustering should consider the relevant indicators including the selection of natural resources, output characteristics, operating environment, the critical value of HVRT/LVRT and control parameters (Palanimuthu et al., 2023), so as to characterize the dynamic voltage response characteristics of the unit and reflect the influence of location dispersion. The hierarchical clustering method is not affected by the initial setting value and can avoid the local optimal characteristics, obtaining a widely application in power systems.
To meet the requirements of dynamic voltage analysis and control, the trade-off between accuracy and complexity should be balanced in modeling (Xia et al., 2016). The applicability of the model should be evaluated through errors and characteristic differences.
4.3 The parameter identification of aggregation model
In order to improve the dynamic equivalence performance of the aggregation model, it is necessary to analyze the factors causing the error of the model, considering the influence of the LVRT strategy on the external characteristics under typical operating conditions and the quantitative relationship between the capacity of the plant and the error of the aggregation model (Martínez-Treviño et al., 2021).
For the estimation of aggregation parameters, capacity weighting method and equal power loss method have been well applied (Qiao et al., 2009). The equivalent aggregation model of the plant utilizing the equivalent admittance method has been evaluated time-consuming and heavy calculation burden.
The parameters of the aggregated model established by the state-space model method can achieve a better parameter fitting in the optimized equations, and can guarantee the accuracy of the model (Wang et al., 2022). However, all the state-space equations of large wind farms or PV plants in the optimization solutions will lead to high computational burden, and the efficiency of parameter identification needs to be improved.
From the perspective of engineering application, the parameter identification method based on phasor measurement unit (PMU) can further improve the model accuracy. By comparing with actual engineering operation data, PMU-based methods can guarantee the reliable parameter identification results and can be widely used in the parameter identification of aggregate models (Qiao et al., 2009).
5 COORDINATED DYNAMIC REACTIVE POWER CONTROL FOR RENEWABLE ENERGY PLANTS
5.1 Basic problems confronted with coordinated control of multi-type reactive power
The output characteristics of renewable units are completely different due to the different device attributes and control strategies of the multi-type reactive power resources in the plants (Asadollah et al., 2020). From the perspective of topology, DFIG is connected to the grid through the multiple energy paths of generators and converters and full-power direct-driven wind turbines are connected through VSC converters (Zhang et al., 2021). PV inverters, whether centralized or serial, are connected to the grid through VSC converters. Different types of renewable energy devices and different connection methods lead to great differences in the reactive power regulation characteristics of these renewable energy units. Therefore, the voltage regulation cannot be achieved by controlling a single reactive power resource.
In the context of high-proportion of renewable energy penetration, especially under weak grid and AC/DC fault conditions, the grids need more reactive power to support the dynamic voltage profile of renewable energy plants, and improper coordination and control may cause reactive power circulation and reactive power oscillation. This puts forward high requirements for the coordinated control of multi-type reactive power sources.
The existing HVRT/LVRT strategies cannot match the demand of voltage support at the PCC, and the control mode mainly relies on the traditional automatic voltage control (AVC) (Nguyen et al., 2021), which uses centralized control as the adjustment method, and its reactive power adjustment time is on the minute level, thereby failing to meet the multi-time scale control demand of voltage support of renewable energy plants.
According to the current national standard in China, PV and wind turbine inverter is an important reactive power resources compared to SVG and other devices (Lu et al., 2023). How to coordinate and utilize the reactive power compensation capability of renewable energy equipment and solve the problem of insufficient dynamic control capability is the basic challenge of dynamic voltage control of renewable energy plants.
When designing the control strategy, it is necessary to coordinate the response time and capacity of the various types of reactive power compensation equipment according to the different response characteristics of reactive power compensation devices in actual engineering operation. Otherwise, the compensation equipment may be taken off the grid earlier than the renewable energy units during the fault due to the electrical limitation of the equipment (Wang et al., 2013).
As synchronous rotation equipment, generators and condensers can also provide short circuit capacity for the system and dynamic voltage support through excitation (Hadavi et al., 2022). At the same time, the operating characteristics of condensers meet the needs of dynamic reactive power in HVDC transmission and the dynamic process of large-scale renewable energy plants. Compared with SVC, STATCOM and other reactive power compensation devices, the new-type condensers have stronger dynamic reactive power support and dynamic voltage regulation capabilities, which is more suitable for practical application (Ge et al., 2022).
As shown in Table 3, different types of reactive power resources considering the characteristics, response time scale, support capacity, and cost, etc., are summarized and compared.
TABLE 3 | Comparison of plant-level reactive power compensation equipment.
[image: Table 3]5.2 Centralized control
The existing technologies that widely used in the industry includes AVC, dynamic automatic voltage control (DAVC) (Lu et al., 2023), whose main control objectives are to optimize voltage deviation, improve static voltage stability and reactive power margin. The static voltage control system of the power grid is mainly designed based on the concept of “voltage control zone” and “central bus voltage”, which has been widely used. However, to meet the voltage regulation requirements of renewable penetrated power systems, it is still necessary to further study dynamic voltage regulation technology to overcome the problems as follows: 1) AVC systems need to adjust each other among multi-level dispatching centers; 2) The overall voltage control quality is low; 3) The dynamic voltage support ability is insufficient. Literature (Wang et al., 2013) put forward the collaborative voltage control technology of network-provincial-ground multi-level control center, which realized the cooperation among multi-level AVC systems through the interaction of a few key variables. Literature (Ge et al., 2022) proposed a preventive control method aiming at the safety and stability of power grid, where representative serious faults were selected from fully anticipated fault sets and dynamic voltage partitions were formed correspondingly to achieve global optimal control through coordination. Literature (Yang et al., 2019) improved the dynamic support performance of wind farms on voltage through the coordinated control of AVC and wind turbines designed with constant voltage control mode.
When the voltage is disturbed during the fault, the reactive power response of the renewable energy units is completely determined by its own control system design, thus, it is impossible to realize the cooperative control of each unit by means of communication in this time range since the duration of the disturbance is short. Therefore, the characteristic of unit autonomous response determines the fluctuation of voltage profile and the distribution of reactive power. The control parameters and operation mode are the key to the response characteristics of the voltage support, and this characteristic determines whether it will cause cascading failures or expand the accident scope.
The existing control strategy is mainly based on the idea of control mode switching to achieve reactive power voltage control in the fault stage. Thus, the smooth switching control methods is essential for ensuring the stable operation of the control system. After the fault is cleared, where the voltage recovery stage comes, the purpose of collaborative control of renewable energy units should give priority to how to adjust the reactive power distribution of each unit, output power limiting and the influence of active and reactive power coupling on system stability, so as to provide the reactive power to the system to help the voltage recovery. Literature (Heming et al., 2013) discussed the mechanism of the influence of active and reactive power coupling on voltage stability in detail. Literature (Wang et al., 2020) discussed the mechanism of overvoltage and put forward suggestions for optimization of wind turbine to effectively suppress the system overvoltage level during voltage recovery process.
The above dynamic voltage regulation method based on the preset strategy is convenient to implement and easy to operate, and it is an important development direction of the preventive voltage control of the power plants. However, there is still much room for improvement in the optimization dynamic process and the collaborative control of voltage recovery after failure. How to coordinate the reactive power resource at plant level and make full use of reactive power compensation capability of the renewable energy units to reshape the dynamic response characteristics of reactive power on multiple time scales and effectively improve the dynamic voltage support capability of the plant remains to be explored.
5.3 Autonomous decentralized control
In view of the shortcomings of the existing centralized control at the plant level, it is urgent to explore the autonomous decentralized control of multiple reactive power resources at the plant, which is different from the centralized control, so as to realize the full coverage of the process of voltage control from steady state to dynamics, and the control mode change from passive response of single-unit to active support of the plant (Mudaliyar et al., 2020).
Decentralized response-aggregate support is the basic goal of multi-reactive power resource autonomous decentralized control (Derakhshan et al., 2023). Autonomous control uses the active response characteristic of the reactive power resource unit. When detecting the voltage fluctuation, it operates autonomously according to the preset control strategy, and actively adjusts the reactive power output in response to the voltage fluctuation to achieve the control purpose using decentralized response from the device (Samende et al., 2021).
Aggregate support is a basic requirement for dynamic reactive power response (Sun et al., 2020). Based on the obtained global information, multi-objective optimization can be carried out. The aggregate model of the plant discussed in Section 4 is used to analyze the reactive power adjustment margin and the operating state of the operating point, then the dynamic reactive power compensation demand of the plant can be calculated (Xu et al., 2020).
According to the operation mode of power grids and the characteristics of faults, the occurrence, development and recovery process of voltage can be predicted. Then, the distribution of reactive power and control parameters are sent to the units according to refresh cycle, so as to achieve the purpose of aggregate support by dispersed response of the plants.
In device level, the control objects include reactive power compensation devices such as renewable energy units, SVC and SVG, which are mainly responsible for voltage profile detection and uploading, operation mode switching, and online adjustment of control parameters. Based on the above ideas of autonomous decentralized control, the global information of the plant is obtained and the reactive power margin, voltage support capacity and reactive power demand are analyzed first based on the aggregate model, then, multi-objective including network loss and voltage stability indicators are optimized. Based on the optimization results, the reasonable operating point and control parameters of each unit at the current operating point can be given, and the parameters are sent to each unit for adjustment.
When the large disturbance occurs, each unit realizes the quick support of the dynamic reactive power based on the operating point and control parameters in an autonomous control mode. After the disturbance, the unit continues to dynamically adjust the operating parameters according to the received instructions.
Compared with the traditional centralized control mode, the autonomous decentralized control mode has a more flexible adjustment mode, and can improve the collaborative support ability of dynamic voltage. The upper layer control mainly includes (Sun et al., 2020): 1) Dynamic optimization based on the unit operating point and power network operating state obtained by global information, reactive power distribution determination and reactive power compensation margin reservation, which is required in advance to cope with possible disturbances; 2) Adjustment of action parameters and limits, such as whether to participate in voltage regulation, entry conditions, withdrawal conditions, etc.; 3) The adjustment of sag parameters and control parameters is based on the operating state of the power grid, such as the adjustment of short-circuit ratio. The optimization algorithm based on global information can effectively avoid the local optimal solution and make full use of the reactive power regulation ability of the plant.
The lower layer is the equipment layer, which is mainly responsible for: 1) Communicating with the upper layer and providing the basic operation information of the equipment; 2) Implement upper-layer delivery control policies; 3) Sent adjustment instructions of the control parameters delivered by the upper layer during steady state operation. The architecture of the proposed autonomous decentralized voltage control is illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | The architecture of the autonomous decentralized voltage control.
The hierarchical coordination can ensure the continuous of dynamics, and the rapid autonomous reactive power response of a single unit can be realized based on the preset operating mode and control parameters (Derakhshan et al., 2023). After the fault is cleared, the adjustment of the single unit based on the global information optimization results helps the system voltage recovery, so that the plant switches to the steady-state operation mode, thereby improving the dynamic reactive power adjustment capability of the renewable energy plant and the voltage support capability of the PCC.
5.4 Future development trend
Although the voltage stability challenges of power systems with large-scale renewable energy have received significant attention, the research and implementation of dynamic voltage support are still in their early stages. This paper discusses the main achievements in voltage support, progressing from individual equipment to plant-level and coordinated control strategies, as presented in the first four sections.
However, due to the inherent complexity of power systems, the stochastic nature of disturbances, and the spatio-temporal multi-scale characteristics of the system response, several significant technical challenges remain to be explored:
1) The 10 ms Problem after Disturbance Clearing: As indicated by the analyses presented in the preceding sections, the response times of various reactive power resources differ considerably. The dynamic response time of PV converters and direct-drive wind turbines is typically greater than 20 ms, while that of DFIGs is approximately 60 ms (Wu and Zhang, 2022). The response time of static VAR generators (SVGs) is also more than 20 ms, and that of static VAR compensators (SVCs) is around 60 ms, whereas the response time of synchronous condensers exceeds 100 ms (Z. Rafiee et al., 2022). Consequently, within the initial 10 ms following a voltage transient, insufficient reactive power is typically provided by existing voltage support devices. Therefore, how to effectively leverage renewable energy converters and SVG devices to provide dynamic voltage support represents a crucial area for further investigation.
2) Equivalence of Deterministic Controllable Reactive Power Resources: As discussed previously, the dynamic reactive power compensation performance of PV and wind power converters within renewable energy plants is highly dependent on factors such as device type, operating state, and control strategy (Zhao et al., 2023), resulting in considerable randomness in the overall compensation effect. This inherent variability introduces significant uncertainty into the dynamic voltage support capabilities (Ghosh et al., 2023). An ideal approach involves organically integrating reactive power compensation equipment at the plant level, such as SVGs and synchronous condensers, with the distributed reactive power compensation provided by PV and wind power units, and achieving equivalent deterministic controllable reactive power through coordinated control strategies. Key research areas include accurately characterizing the reactive power compensation characteristics of renewable energy units and coordinating the capacity and response times of various compensation devices.
3) HVRT/LVRT Technology and Control Delay: Historically, HVRT and LVRT strategies have often been discussed in isolation. However, low-voltage and high-voltage faults can occur in rapid succession, with alternating intervals potentially spanning tens of milliseconds. Given that the typical response time of reactive power sources ranges from 20 ms to 30 ms, poorly coordinated control strategies can exacerbate voltage fluctuations, potentially leading to voltage instability [59]. Therefore, future research should focus on addressing the phenomenon of alternating low/high voltage conditions in renewable energy systems and enhancing the response speed of various reactive power resources.
4) Autonomous Decentralized Control for Dynamic Voltage Support in Renewable Energy Plants: This control technology necessitates the rapid acquisition and dynamic updating of global information within the plants, the application of multi-objective optimization algorithms incorporating global information, and the development of device-level cooperative control strategies. While global information from renewable energy units is obtained at the substation level, the impact of communication delays and the frequency of information exchange remains unclear. Furthermore, in terms of multi-objective optimization algorithms, establishing a comprehensive objective function that effectively combines system stability with dynamic reactive power capabilities presents a valuable area for future research.
6 CONCLUSION
Focusing on dynamic voltage control in power systems with high penetration of renewable energy, this paper examines the research focus of reactive power/voltage regulation technologies, from renewable energy converters to auxiliary equipment. The development of dynamic voltage support technology within renewable energy plants is also reviewed, and the basic objectives and requirements of dynamic voltage support are defined. The basic idea of an autonomous decentralized control approach for multi-reactive power resources is proposed for dynamic voltage support.
According to the dynamic voltage support requirements of renewable energy plants, the article identifies the direction of further research work, spanning four key aspects. Given the increasing proportion of renewable energy in power systems, dynamic voltage support is a critical endeavor with strong engineering application potential. From the theoretical analysis of dynamic voltage support to its practical application, it is essential to integrate the advancements in renewable energy converters, reactive power compensation equipment, and the information systems of power plants to achieve effective dynamic voltage support and ensure the stability of power systems.
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